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m o t i o n of t h e n u c l e o n s i s n o t . . a p p r e c i a b l y a f f e c t e d . Due t o t h e s e a s ­
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170 
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I n t h e o p e n i n g y e a r s of 2 0 t h c e n t u r y , a h o s t of i m p o r t a n t f a c t s 
p r e s e n t e d a new c h a l l e n g e i n p h y s i c s . P h y s i c i s t s we re f o r c e d e i t h e r t o 
r e j e c t c l a s s i c a l t h e o r y which had "been so s u c c e s s f u l i n e x p l a i n i n g m a c r o ­
s c o p i c s y s t e m s , o r t o p r o v i d e a new i n t e r p r e t a t i o n and new t e c h n i q u e s . 
Among o t h e r t h i n g s , b e t a r a d i o a c t i v i t y was d i s c o v e r e d . By 1930 , t h e e x ­
p l a n a t i o n f o r a p h y s i c a l s y s t e m of an a t o m i c s c a l e was f a i r l y w e l l -
e s t a b l i s h e d w i t h t h e h e l p of a new p o w e r f u l t e c h n i q u e : t h e quantum 
t h e o r y . The p r o b l e m of b e t a d e c a y , however , r ema ined t h e o r e t i c a l l y u n ­
a n s w e r e d . The u n d e r s t a n d i n g of t h e b e t a d e c a y p r o c e s s h a s grown r a t h e r 
s l o w l y s i n c e i t i n v o l v e s a knowledge b o t h of n u c l e a r s t r u c t u r e and of 
t h e f o r c e wh ich p r o d u c e s b e t a d e c a y . A s i d e from t h e t h e o r e t i c a l a s p e c t , 
i t a l s o i n v o l v e s e x p e r i m e n t a l t e c h n i q u e s which were n o t a v a i l a b l e u n t i l 
a f t e r t h e s econd w o r l d w a r . 
With t h e deve lopmen t of quantum, f i e l d t h e o r y , Ferm/*^; i n . 193^ ' 
f o r m u l a t e d t h e f u n d a m e n t a l t h e o r y of b e t a decay w h i c h , i n g e n e r a l , i s 
s t i l l u s e d t o d a y . Whi le t h e f o r c e p r o d u c i n g b e t a d e c a y i s v e r y weak, 
t h e n u c l e a r f o r c e i s s o s t r o n g t h a t i t makes t h e p e r t u r b a t i o n c a l c u l a t i o n 
i m p o s s i b l e . Y e t , f o r a f u l l q u a n t i t a t i v e d e s c r i p t i o n of b e t a d e c a y , one 
n e e d s t o know t h e n u c l e a r s t a t e s , i . e . , t o o b t a i n t h e s o l u t i o n s of t h e 
S c h r o d i n g e r e q u a t i o n f o r t h e n u c l e u s . The p rob l em of t h e s t r o n g n u c l e a r 
f o r c e i s s t i l l s u b j e c t t o much e l a b o r a t e s t u d y . I n t h e mean t ime , i n 
2 
o r d e r t o e x p l a i n and c l a s s i f y t h e g rowing a c c u m u l a t i o n of n u c l e a r d a t a , 
one c h o o s e s t o s t u d y t h e n u c l e a r p rob lem i n an a p p r o x i m a t e manner t h r o u g h 
v a r i o u s n u c l e a r m o d e l s . 
I n t h e n e x t two s e c t i o n s of t h i s c h a p t e r a b r i e f e x p o s e of t h e t h e o r y 
of b e t a d e c a y and o f some n u c l e a r models w i l l b e g i v e n . The f i n a l s e c t i o n 
w i l l d e f i n e t h e s c o p e of t h i s i n v e s t i g a t i o n . 
O r i g i n and D e f i n i t i o n of B e t a Decay N u c l e a r M a t r i x E lemen t s 
The t y p i c a l b e t a d e c a y p r o c e s s i s 
ia —> p + e" + \> . ( l - l ) 
M a t h e m a t i c a l l y s p e a k i n g , t h e above r e a c t i o n i s e q u i v a l e n t t o 
n + v > p + e" . ( 1 - 2 ) 
Thus , one e l e c t r o n and one p r o t o n a r e c r e a t e d , w h i l e one n e u t r i n o and 
one n e u t r o n a r e d e s t r o y e d . The i n t e r a c t i n g H a m i l t o n i a n can b e . c o n s t r u c t e d 
i n a n a l o g y w i t h t h e H a m i l t o n i a n f o r t h e e l e c t r o m a g n e t i c r a d i a t i o n by 
w r i t i n g i t a s a b i l i n e a r form of t h e s t a t e s r e p r e s e n t i n g t h e f o u r p a r ­
t i c l e s i n q u e s t i o n , t o g e t h e r w i t h c e r t a i n o p e r a t o r s s u i t a b l y c h o s e n . 
T h i s H a m i l t o n i a n i s e x p e c t e d t o b e i n d e p e n d e n t of t h e c h o i c e of t h e c o ­
o r d i n a t e s y s t e m s , i . e . , i t must b e i n v a r i a n t u n d e r a L o r e n t z t r a n s f o r m a ­
t i o n . As i s w e l l known, f o r s p i n 1/2 p a r t i c l e s , t h e r e a r e f i v e g r o u p s 
of o p e r a t o r s y 0^ y which t r a n s f o r m c o v a r i a n t l y u n d e r a L o r e n t z t r a n s f o r m a ­
t i o n . A c c o r d i n g t o t h e i r t r a n s f o r m a t i o n p r o p e r t i e s , t h e y a r e c a l l e d 
s c a l a r ( S ) , v e c t o r ( v ) , t e n s o r ( T ) , a x i a l - v e c t o r ( A ) and p s e u d o s c a l o r ( P ) , 
( 2 ) 
and u s u a l l y w r i t t e n i n t e r m s of D i r a c m a t r i c e s 7 ( u = l , 2 , 3 , ^ , ) . 
Among t h e s e f i v e g r o u p s of o p e r a t o r s , t h e v e c t o r form was o r i g i n a l l y 
u s e d by F e r m i . 
P r i o r t o 1956 i t was g e n e r a l l y b e l i e v e d t h a t p a r i t y was c o n s e r v e d . 
T h e r e f o r e , t h e i n t e r a c t i n g H a m i l t o n i a n was r e q u i r e d n o t o n l y t o b e i n ­
v a r i a n t u n d e r a t r a n s l a t i o n o r a r o t a t i o n b u t a l s o u n d e r a r e f l e c t i o n 
of c o o r d i n a t e s . I n 1956 t h e p a r i t y n o n - c o n s e r v a t i o n i n weak i n t e r -
(3 ) 
a c t i o n s was s u g g e s t e d by T, D. Lee and C. N. Y a n g w , and e x p e r i m e n t a l l y 
M 
c o n f i r m e d by C S. Wu e t a l . . The most g e n e r a l form of t h e b e t a 
i n t e r a c t i o n c o n s e q u e n t l y may b e w r i t t e n 
M = Y . < p l 0 . l f t > < e | 0 » ( C . t C : j ) ' s ) | v > S ( R - r ) + <&. c . , d - 3 > 
X 
—> —> 
where x t a k e s on v a l u e s S, V, T, A, and P, R and r r e p r e s e n t t h e 
n u c l e o n and l e p t o n c o o r d i n a t e s r e s p e c t i v e l y , and y^= ^ 1 ^ 2 ^ 3 ^ V l ^ i e 
5 - f u n c t i o n i m p l i e s a l o c a l i n t e r a c t i o n a s i n e l e c t r o m a g n e t i c t h e o r y . 
The t e r m " h . c . " means H e r m i t i a n c o n j u g a t e and i s i n c l u d e d t o make t h e 
H a m i l t o n i a n Herrf r i t ian . The C s a r e t h e c o u p l i n g c o n s t a n t s and may b e 
complex . T h e r e a r e , i n t o t a l , 20 c o n s t a n t s C t o b e d e t e r m i n e d . 
E x p e r i m e n t a l e v i d e n c e shows t h a t t h e n e u t r i n o p o s s e s s e s d e f i n i t e 
(5 ) 
h e l i c i t y v ' which t h e o r e t i c a l l y i m p l i e s C = C F u r t h e r m o r e , b y c o n -
(6) 
s i d e r i n g t h e h e l i c i t y of t h e e m i t t e d e l e c t r o n ' when i t s v e l o c i t y a p ­
p r o a c h e s t h e s p e e d of l i g h t , i t i s shown t h a t 0 = 0 = 0 = 0 . F i n a l l y , e x -
(7) 
p e r i m e n t s x ' i n d i c a t e t h a t t h e r a t i o of C^ t o C^ i s r e a l w i t h 
CA <v - l . i l C v . d - * ) 
C o n s e q u e n t l y and Cy can b e c o n s i d e r e d r e a l . A f t e r t h e s e s i m p l i f i c a ­
t i o n s , t h e i n t e r a c t i n g H a m i l t o n i a n i s of t h e form 
H = ^ C x < p l a K > < e | O K 0 i - * s ) | v > S ( R - ? ) + -k,c. ( 1 _ 5 ) 
The t r a n s i t i o n p r o b a b i l i t y f o r a b e t a d e c a y can b e o b t a i n e d by c a l c u ­
l a t i n g t h e i n t e r a c t i n g m a t r i x , H. The e v a l u a t i o n of t h e l e p t o n i c m a t r i x 
e l e m e n t s (Q, | 0* (\ + Y 5 ) | i s p o s s i b l e s i n c e t h e D i r a c e q u a t i o n f o r t h e 
e l e c t r o n and t h e n e u t r i n o can b e s o l v e d w i t h good a c c u r a c y . The q u a n t i ­
t i e s r e p r e s e n t e d b y <^pj 0 * | ^ L ) a r e i n d e p e n d e n t of t h e e l e c t r o n and n e u ­
t r i n o v a r i a b l e s and a r e c a l l e d t h e b e t a d e c a y n u c l e a r m a t r i x e l e m e n t s . 
I n o r d e r t o e v a l u a t e t h e m a t r i x e l e m e n t s f o r t h e v a r i o u s o p e r a t o r s , 0^ , 
one must h a v e wave f u n c t i o n s d e s c r i b i n g t h e n u c l e u s ..before and a f t e r t h e 
e m i s s i o n p r o c e s s . These must b e o b t a i n e d by a d o p t i n g a p a r t i c u l a r 
n u c l e a r m o d e l . 
A l l of t h e t h e o r e t i c a l e x p r e s s i o n s f o r t h e e x p e r i m e n t a l o b s e r v a b l e s 
of b e t a d e c a y , such a s t h e t r a n s i t i o n p r o b a b i l i t y , t h e s p e c t r u m s h a p e 
c o r r e c t i o n f a c t o r , and t h e be ta-gamma a n g u l a r c o r r e l a t i o n , depend upon 
t h e n u c l e a r m a t r i x e l e m e n t s . T h e r e f o r e , a knowledge of t h e s e m a t r i x 
e l e m e n t s i s , i n d e e d , v e r y d e s i r a b l e . The a g r e e m e n t b e t w e e n t h e o r e t i c a l 
p r e d i c t i o n s and e x p e r i m e n t a l r e s u l t s w i l l , i n t u r n , d e t e r m i n e t h e 
f e a s i b i l i t y of t h e n u c l e a r m o d e l . 
H i s t o r y of N u c l e a r Models 
The e a r l i e s t , w o r k i n g n u c l e a r mode l , t h e l i q u i d - d r o p m o d e l , was p r o -
(Q) 
p o s e d b y N i e l s Bohr* ' i n 1936 . T h i s model a s sumes an i r r o t a t i o n a l h y d r o -
dynamic f l ow and d e s c r i b e s t h e c o l l e c t i v e e x c i t a t i o n i n t h e form of 
r o t a t i o n s and s u r f a c e v i b r a t i o n s . The c o m p a r i s o n of t h e n u c l e u s w i t h a 
l i q u i d d r o p h a s met w i t h c o n s i d e r a b l e s u c c e s s i n t h e t h e o r y of n u c l e a r 
(9 ) 
r e a c t i o n and of n u c l e a r f i s s i o n * . However, s i n c e t h e number of n u -
c l e o n s i s of l i t t l e i m p o r t a n c e i n t h i s mode l , i t c an h a r d l y d e s c r i b e 
q u a n t i t a t i v e l y many e x p e r i m e n t a l e v i d e n c e s such a s magic number s , n u ­
c l e a r s p i n s , e t c . 
I n 19^9* t h e s h e l l model was p r o p o s e d i n d e p e n d e n t l y by M. G. Mayer 
and G. Haxe l e t a l . . T h i s model a s sumes t h a t each n u c l e o n , l i k e an 
e l e c t r o n i n an a tom, moves i n d e p e n d e n t l y i n an a v e r a g e , s p h e r i c a l l y sym­
m e t r i c p o t e n t i a l w e l l , g e n e r a t e d by i t s i n t e r a c t i o n w i t h a l l t h e o t h e r 
n u c l e o n s . The p o t e n t i a l f u n c t i o n i s assumed t o be 
whe re r i s t h e d i s t a n c e from t h e c e n t e r of f o r c e c o i n c i d i n g w i t h t h e 
c e n t e r of mass of t h e n u c l e u s , and t h e t e r m 3*.s* i s t h e h y p o t h e t i c a l s p i n -
o r b i t c o u p l i n g . The p o t e n t i a l V ( r ) can b e an i s o t r o p i c h a r m o n i c o s c i l ­
l a t o r , a n i n f i n i t e s q u a r e w e l l , o r an i n t e r m e d i a t e p o t e n t i a l w e l l b e ­
tween t h o s e t w o . The s p i n - o r b i t t e r m i s i n t r o d u c e d t o r e p r o d u c e t h e 
magic numbers . The h a r m o n i c o s c i l l a t o r , f o r i n s t a n c e , can o n l y p r o v i d e 
c o r r e c t l y t h e f i r s t t h r e e magic numbers ( 2 , 8 , 2 0 ) . I t i s q u i t e n a t u r a l 
t© assume t h e e x i s t e n c e of t h e s p i n - o r b i t c o u p l i n g s i n c e i t i s w e l l 
Mown t h a t t h e two-body n u c l e a r f o r c e depends on t h e s p i n and t h e r e ­
q u i r e m e n t t h a t t h e H a m i l t o n i a n b e a n i n v a r i a n t can o n l y l e a d t o t h e 
s p i n - o r b i t t y p e * 
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I n t h e e x t r e m e i n d e p e n d e n t p a r t i c l e mode l , n u c l e o n s f i l l t h e s i n g l e -
p a r t i c l e o r b i t s a c c o r d i n g t o t h e P a u l i e x c l u s i o n p r i n c i p l e . The n u c l e o n s 
i n t i m e - r e v e r s e d o r b i t s a r e p a i r e d o f f t o z e r o a n g u l a r momentum, and t h e 
g r o u n d - s t a t e s p i n of an odd-mass n u c l e u s i s e q u a l t o t h e a n g u l a r momentum 
of t h e l a s t odd n u c l e o n . 
The s p h e r i c a l s h e l l model c o v e r s a wide r a n g e of n u c l e a r d a t a , 
p a r t i c u l a r l y f o r n u c l e i w i t h p r o t o n - and n e u t r o n - n u m b e r s n e a r t h e magic 
numbers-. However, f o r h e a v y n u c l e i f a r away from c l o s e d - s h e l l , t h e f o l ­
l o w i n g d i s c r e p a n c i e s a r e o b s e r v e d ^ 1 ^ : 
l ) . The s t a t i c e l e c t r i c q u a d r u p o l e moments a r e c o n s i s t e n t l y 
l a r g e , by f a c t o r s of 20 t o 100 , compared w i t h t h o s e p r e d i c t e d by 
t h e s h e l l , m o d e l . 
2 ) . The E2 t r a n s i t i o n r a t e s a r e a t l e a s t 100 t i m e s g r e a t e r 
t h a n t h a t t h e s h e l l model e s t i m a t e s . 
3 ) . The r o t a t i o n a l e n e r g y s p e c t r a can o n l y r e s u l t f rom a non -
s p h e r i c a l s y s t e m , s i m i l a r t o a d i a t o m i c m o l e c u l e . 
These f a c t s c a n o n l y b e a c c o u n t e d f o r by some s o r t of c o o p e r a t i v e b e ­
h a v i o r of n u c l e o n s , s u c h a s t h e b e h a v i o r p o s t u l a t e d f o r t h e l i q u i d - d r o p 
m o d e l . However, t h e a s s u m p t i o n s f o r t h e s e two mode l s a r e j u s t o p p o s i t e . 
( 12 ) 
The u n i f i e d model p r o p o s e d by A. Bohr and B. R. M o t t e l s o n ^ p r o ­
v i d e s a s y n t h e s i s of t h e a p p a r e n t l y c o n t r a d i c t o r y i n d e p e n d e n t - p a r t i c l e 
and c o l l e c t i v e p r o p e r t i e s of t h e n u c l e a r m o t i o n . I n o r d e r t o d e s c r i b e 
s i m u l t a n e o u s l y t h e i n d i v i d u a l p r o p e r t i e s of t h e n u c l e o n s and t h e c o l ­
l e c t i v e b e h a v i o r of t h e n u c l e u s , i t i s n e c e s s a r y t h a t t h e H a m i l t o n i a n 
f o r t h e s y s t e m embody b o t h c o l l e c t i v e and i n t r i n s i c v a r i a b l e s . T h e r e f o r e 
i t i s assumed t h e H a m i l t o n i a n may b e e x p r e s s e d a s 
H=H , . + H . . . + H. . . ( 1 - 7 ) 
c o l l e c t i v e p a r t i c l e i n t e r a c t i o n 
^ c o l l e c t i v e ' ^ e ^•am^^on^-an ^ o r ^ n e c o l l e c t i v e m o t i o n , depends o n l y 
upon a s e t of c o l l e c t i v e v a r i a b l e s ( a ) . In o r d e r t o o b t a i n a model which . 
i s m a t h e m a t i c a l l y s o l v a b l e , ( a ) must b e c h o s e n i n such a way t h a t i t m a n i ­
f e s t s t h e o r i e n t a t i o n of t h e n u c l e u s i n s p a c e a s w e l l a s i t s s h a p e . Thus , 
by a s u i t a b l e c h o i c e of ( a ) , i t i s p o s s i b l e t o s e p a r a t e t h e c o l l e c t i v e 
m o t i o n i n t o a r o t a t i o n a l and a v i b r a t i o n a l m o t i o n . H .... . . may t h e n 
c o l l e c t i v e J 
b e w r i t t e n a s 
C o l l e c t i v e ^ r o t a t i o n H v i b r a t i o n . ( l ^ ) 
H , can b e a f u n c t i o n of o n l y "-] v a r i a b l e s . The r e m a i n i n g v a r i -r o t a t i o n 
a b l e s a r e c o n t a i n e d i n H ... , . . The number of v a r i a b l e s i n H . . . 
v i b r a t i o n v a r i a t i o n 
w i l l depend on t h e a p p r o x i m a t i o n s t h a t a r e made. 
a r t i c l e i s t h e H a m i l t o n i a n f o r t h e p a r t i c l e m o t i o n . S i n c e t h e 
o r i e n t a t i o n of t h e n u c l e u s i s a l r e a d y s p e c i f i e d , H . . i s a f u n c t i o n 
p a r c i c i e 
of a s e t of i n t r i n s i c v a r i a b l e s ( £ ' ) r e l a t e d t o n u c l e a r a x e s . As t h e 
name of t h e model i t s e l f i n d i c a t e s , H . . n i s e x p e c t e d t o b e s i m i l a r 
' p a r t i c l e 
t o t h e H a m i l t o n i a n of t h e s h e l l mode l . 
F i n a l l y , H. . . r e p r e s e n t s t h e i n t e r a c t i o n b e t w e e n t h e c o l -i n t e r a c t i o n 
l e c t i v e and p a r t i c l e m o t i o n , and t h e r e f o r e depends on b o t h ( a ) and ( £ ' ) . 
The e x p l i c i t form of H. . . . depends on more a s s u m p t i o n s t o make t h e ^ i n t e r a c t i o n * 
p r o b l e m s o l u b l e . 
I f i t i s assumed t h a t t h e n u c l e a r s h a p e changes s l o w l y compared w i t h 
t h e p a r t i c l e m o t i o n , t h e n u c l e a r wave f u n c t i o n can b e w r i t t e n a s 
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ro ( 1 - 9 ) 
r e p r e s e n t s t h e v i b r a t i o n s of t h e n u c l e u s a r o u n d i t s e q u i l i b r i u m 
s h a p e , D ^ t h e r o t a t i o n a l m o t i o n of t h e n u c l e u s , and X . ^ . t h e i n t r i n s i c 
m o t i o n of i n d i v i d u a l n u c l e o n s . 
I n t e r e s t i n t h e p r e s e n t p r o b l e m w i l l b e f o c u s e d on s t r o n g l y deformed 
n u c l e i . S i n c e t h e n u c l e a r s h a p e l a s t s f o r a s u f f i c i e n t l y l o n g t i m e , t h e 
n u c l e u s i s assumed t o b e i n t h e v i b r a t i o n a l g round s t a t e . T h e r e f o r e , 
^ v i b P * ^ 6 n o r o ' L e i n " t i l e c a l c u l a t i o n a t a l l and w i l l b e s u p p r e s s e d 
h e r e a f t e r . 
A f t e r t h e f o r m u l a t i o n of t h e t h e o r y of s u p e r c o n d u c t i v i t y ^ n u c l e a r 
t h e o r y came t o a new s t a g e . I n 1958* A. Bohr e t a l . s ; p o i n t e d o u t 
t h e e n e r g y gap i n t h e e x c i t a t i o n s p e c t r a of c e r t a i n n u c l e i , I n a n a l o g y 
w i t h t h e e x c i t a t i o n s p e c t r a of t h e s u p e r c o n d u c t i n g m e t a l l i c s t a t e . T h i s 
s u g g e s t s t h e n o t i o n of " p a i r i n g " b e t w e e n n u c l e o n s , s i m i l a r t o a Cooper -
p a i r i n a s u p e r c o n d u c t o r , and h a s b e e n t h e s u b j e c t of much s t u d y e v e r 
b y Bogda t r ; f o r t h e N i l s s o n s i n g l e - p a r t i a l © model^ T h r o u g h o u t 
h i s work , Begdan d e s c r i b e s t h e i n t r i n s i c s t a t e s , X n , of t h e n u c l e u s a s 
g i n g l e - p a r t i e l e N i l s s o n s t a t e s , l o g d a n c a l c u l a t e s t h e n u c l e a r m a t r i x 
e l e m e n t s fea? t h e b e t a d e e a y of odd -odd n u c l e i by a s s u m i n g X^ i s s i m p l y 
t h e a p p r o p r i a t e N i l s s o n s t a t e f o r t h e t r a n s f o r m i n g n u c l e o n . I e d o e s n o t 
e e t i s i d e r a n y e o n t r i f e u t i o n t o X r t from t h e n o n - t r a n s f o r m i n g u n p a i r e d n u e l e o n . 
s ine© ( i t ) 
gt^rjgoee_of t h i s , H e s e a r o h 
(17 ) 
I n N i l s s o n ' s o r i g i n a l p a p e r v ' , t h e g e n e r a l e x p r e s s i o n s f o r t h e n u c l e a r 
m a t r i x e l e m e n t s f o r e l e c t r o m a g n e t i c t r a n s i t i o n s were g i v e n f o r odd-mass 
n u c l e i . The c l a s s i f i c a t i o n of b e t a and gamma t r a n s i t i o n s b e t w e e n i n t r i n -
s i c s t a t e s i n deformed even-mass n u c l e i ; . w a s d i s c u s s e d b y G a l l a g h e r ^ , 
u s i n g t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s . I n t h i s c a s e , becomes 
t h e p r o d u c t of two N i l s s o n s i n g l e - p a r t i c l e wave f u n c t i o n s . F o r i n s t a n c e , 
f o r an odd-odd n u c l e u s i t i s assumed- t h a t t h e l a s t odd p r o t o n and odd 
n e u t r o n move i n d e p e n d e n t l y i n N i l s s o n s t a t e s and t h a t X^ i s t h e p r o d u c t 
of t h e s i n g l e - p a r t i c l e s t a t e s a p p r o p r i a t e f o r t h a t Z and W. 
I n t h i s i n v e s t i g a t i o n , t h e g e n e r a l e x p r e s s i o n s f o r n u c l e a r m a t r i x 
e l e m e n t s i n b e t a d e c a y t t o g e t h e r w i t h t h e i r s e l e c t i o n r u l e s w i l l b e g i v e n 
b y making u s e of t h e n u c l e a r wave f u n c t i o n s of t h e u n i f i e d n u c l e a r 
m o d e l . These wave f u n c t i o n s h a v e t h e form 
Y - D r o t X ^ t , ' ( 1 - 1 0 ) 
where D , and X. , a r e t h e r o t a t i o n a l and i n t r i n s i c wave f u n c t i o n s . 
r o t i n t ; 
r e s p e c t i v e l y . The i n t r i n s i c wave f u n c t i o n w i l l b e c o n s t r u c t e d from t h e 
(17) 
s i n g l e - p a r t i c l e wave f u n c t i o n g i v e n by N I l s s o n x . W i l s s o n o b t a i n e d 
t h e s e wave f u n c t i o n s b y a s s u m i n g t h a t t h e s i n g l e - p a r t i c l e H a m i l t o n i a n 
h a s t h e form of an a n i s o t r o p i c h a r m o n i c o s c i l l a t o r w i t h s p i n - o r b i t 
c o u p l i n g . The b e t a d e c a y o p e r a t o r s a r e w r i t t e n i n t e r m s of i r r e d u c i b l e 
( 15 ) 
s p h e r i c a l t e n s o r s a s d e f i n e d by Rose and w i l l b e d i s c u s s e d i n some 
d e t a i l i n C h a p t e r I I I . 
I n t h e p r e s e n t c a l c u l a t i o n s , o n e - and t w o - p a r t i c l e i n t r i n s i c wave 
f u n c t i o n s w i l l b e u s e d f o r odd - and even-mass n u c l e i } r e s p e c t i v e l y . The 
1 0 
t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s w i l l h a v e t h e g e n e r a l form g i v e n 
by G a l l a g h e r . An e s s e n t i a l d i f f e r e n c e b e t w e e n B o g d a n ' s work and t h e 
p r e s e n t work i s t h e u s e o f t h e t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s . 
The b a s i c d i f f e r e n c e b e t w e e n t h e u s e of o n e - a n d t w o - p a r t i c l e wave f u n c ­
t i o n i s t h e s e l e c t i o n r u l e s . As was p o i n t e d o u t by G a l l a g h e r w h e n 
t h e t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n i s u s e d , t h e s e l e c t i o n r u l e s 
a l s o depend on t h e c o u p l i n g of t h e two p a r t i c l e s . Moreove r , t h e t o t a l 
n u c l e a r s p i n J of odd-odd n u c l e i w i l l b e d e t e r m i n e d b y t h e c o u p l i n g 
r u l e s f o r t h e p r o j e c t i o n quantum number Q o f t h e l a s t two n u c l e o n s . 
These c o u p l i n g r u l e s a r e g i v e n by G a l l a g h e r and Moszkowski v 
S i n c e t h e c a l c u l a t i o n i s made f o r a t e n s o r of a n a r b i t r a r y r a n k , 
t h e m a t r i x e l e m e n t s so o b t a i n e d may b e a p p l i e d t o a n y d e g r e e of f o r b i d -
d e n n e s s . The d e r i v e d t h e o r e t i c a l e x p r e s s i o n s a r e g e n e r a l l y a p p l i c a b l e 
t o b e t a d e c a y s i n t h e a t o m i c mass r e g i o n f o r which t h e N i l s s o n model 
i s a u s e f u l d e s c r i p t i o n (A 2 5 , 150 < A < 1 9 0 , A > 200). However t h e r e 
a r e c e r t a i n t r a n s i t i o n s f o r wh ich t h e e x p r e s s i o n s a r e n o t a p p l i c a b l e 
due t o t h e n a t u r e of t h e i n i t i a l o r f i n a l n u c l e a r s t a t e . S i n c e t h e 
n u c l e u s i s assumed t o b e i n t h e v i b r a t i o n a l g r o u n d s t a t e t h e r e s u l t s 
a r e n o t a p p l i c a b l e t o d e c a y s i n v o l v i n g s t a t e s t h a t a r e c o l l e c t i v e v i ­
b r a t i o n a l e x c i t a t i o n s . A l s o ^ t h e r e a r e c e r t a i n t r a n s i t i o n s f o r Which t h e 
o n e - p a r t i c l e i n t r i n s i c wave f u n c t i o n s f o r oddnnass n u c l e i a n d t h e t w o -
p a r t i c l e i n t r i n s i c wave f u n c t i o n s f o r even -mass n u c l e i w i l l n o t b e a p ­
p r o p r i a t e . F o r example , t h e r e a r e some b e t a d e c a y s of odd -odd n u c l e i 
where t h e d e c a y i n g n e u t r o n . i s i n t e r p r e t e d a s b e i n g one of t h e p a i r e d 
n e u t r o n s i n s t e a d o f t h e l a s t odd n e u t r o n . T h i s s i t u a t i o n can not , b e 
d e s c r i b e d w i t h t w o - p a r t i c l e wave f u n c t i o n s . S i n c e t h e e l e c t r o m a g n e t i c 
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t r a n s i t i o n , a s f a r a s m a t h e m a t i c s i s c o n c e r n e d , can h e c o n s i d e r e d a s a 
s p e c i a l c a s e of b e t a d e c a y , on many o c c a s i o n s , t h e d e r i v a t i o n can a l s o 
b e a p p l i e d t o e l e c t r o m a g n e t i c t r a n s i t i o n s » 
As an a p p l i c a t i o n of t h e d e r i v e d t h e o r e t i c a l e q u a t i o n s , , n u m e r i c a l 
r e s u l t s h a v e b e e n o b t a i n e d f o r t h e n u c l e a r m a t r i x e l e m e n t s f o r b e t a d e c a y s 
i n T m 1 ^ and R e 1 ^ . Both t r a n s i t i o n s a r e from t h e g round s t a t e of an odd-
odd n u c l e u s t o t h e f i r s t e x c i t e d s t a t e of a n e v e n - e v e n n u c l e u s . F o r 
both c a s e s , t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s a r e a p p r o p r i a t e . The 
t h e o r e t i c a l l y p r e d i c t e d m a t r i x e l e m e n t s a r e compared w i t h e x p e r i m e n t a l 
v a l u e s . 
) 
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CHAPTER I I 
THE BOHR-MOTTELSON-NILSSON UNIFIED NUCLEAR MODEL 
F o r n u c l e i i n t h e r e g i o n b e t w e e n two magic numbers , t h e d e s c r i p t i o n 
of t h e n u c l e u s a s a deformed body i s found t o b e p a r t i c u l a r l y u s e f u l . 
F u r t h e r m o r e , a l t h o u g h t h e n u c l e o n s p l a y an e s s e n t i a l r o l e i n t h i s d e ­
formed body , t h e y do n o t l o s e t h e i r i n d i v i d u a l e n t i t y . A r e a l i s t i c 
n u c l e a r m o d e l , t h e r e f o r e , must i n c l u d e b o t h c o l l e c t i v e and i n d i v i d u a l 
a s p e c t s . The m a t h e m a t i c a l d e t a i l s f o r t h i s u n i f i e d n u c l e a r model we re 
worked o u t b y Bohr , M o t t e l s o n and N i l s s o n . 
As was b r i e f l y d i s c u s s e d i n t h e i n t r o d u c t i o n ^ t h e H a m i l t o n i a n f o r 
t h e deformed n u c l e u s , i s assumed t o b e 
H=H +H + H ( 2 - 1 ) c o l l e c t i v e p a r t i c l e i n t e r a c t i o n . 
The c o l l e c t i v e d y n a m i c a l v a r i a b l e s a r e u s u a l l y d e f i n e d b y an e x ­
p a n s i o n of t h e n u c l e a r s u r f a c e in. t e r m s of s p h e r i c a l h a r m o n i c s , 
T h i s g i v e s 
R ( » , ? ) = R , [ i + K V l p W ) ] , ( 2 - 2 ) 
where R Q i s t h e r a d i u s of t h e n u c l e u s i n I t s s p h e r i c a l e q u i l i b r i u m 
s h a p e , and 0* and lP a r e p o l a r a n g l e s w i t h r e spec t t o a r b i t r a r y a x e s . The 
H a m i l t o n i a n f o r t h e c o l l e c t i v e m o t i o n can t h e n b e w r i t t e n i n t e r m s of 
(12 ) 
a and i t s f i r s t t i m e - d e r i v a t i v e . I n h i s o r i g i n a l p a p e r , Bohr c o n -
s i d e r e d o n l y t h e l o w e s t a p p r o x i m a t i o n w i t h \ = 2 which c o r r e s p o n d s t o t h e 
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q u a d r u p o l e d e f o r m a t i o n . X = .1 c o r r e s p o n d s t o a d i p e l e o s c i l l a t i o n . With 
a s i m p l e a rgumen t on p a r i t y , i t can h e shown t h a t t h e n u c l e a r d i p o l e 
moment e q u a l s z e r o . T h u s , i n t h e f i r s t a p p r o x i m a t i o n , t h e r e a r e f i v e 
p a r a m e t e r s , ov, , t h a t d e s c r i b e t h e c o l l e c t i v e n u c l e a r motion<> 
I f t h e p r i n c i p a l a x e s of t h e n u c l e u s a r e c h o s e n a s a s y s t e m of a x e s 
f i x e d i n t h e n u c l e a r f rame and r e l a t e d t o t h e s p a c e - f i x e d c o o r d i n a t e 
s y s t e m b y t h r e e E u l e r a n g l e s 0 ^ , t h e p a r a m e t e r s w i l l t r a n s f o r m a c ­
c o r d i n g t o (Appendix i ) 
= v = T . * x v • ( 2 - 3 ) 
V 
S i n c e t h e body a x e s a r e p r i n c i p a l , a x e s , i t f o l l o w s t h a t 
The new f i v e v a r i a b l e s a r e now a , a and 6 . ( i = l , 2 . , 3 ) . F o r c o n v e n -
i e n c e , two v a r i a b l e s |3 a n d 7 a r e i n t r o d u c e d and d e f i n e d b y 
a ^ r V T ? s ^ * ' (2-*rt>) 
The c o l l e c t i v e H a m i l t o n i a n can t h e n b e s e p a r a t e d i n t o a v i b r a t i o n a l and 
a r o t a t i o n a l p a r t . A f o r m a l m a t h e m a t i c a l d e v e l o p m e n t can b e c a r r i e d o u t 
from t h i s p o i n t . However, due t o a d d i t i o n a l a s s u m p t i o n s , t h e r e i s a 
somewhat s i m p l e r way t o d e s c r i b e s t r o n g l y deformed n u c l e i c T h i s w i l l b e 
d i s c u s s e d l a t e r . 
1^ 
The c o l l e c t i v e m o t i o n of t h e n u c l e u s and t h e m o t i o n of i n d i v i d u a l 
n u c l e o n s a r e b a s i c a l l y r e l a t e d . H. , , . can b e embodied i n H , . ,-
° i n t e r a c t i o n p a r t i c l e 
p r o v i d e d t h e p o t e n t i a l i n H . . -, i s a l l o w e d t o depend, on t h e pa ram-
p a r t i c l e 
e t e r s c h a r a c t e r i z i n g t h e s h a p e of t h e n u c l e u s . F o r s t r o n g l y deformed 
n u c l e i , t h e a p p r o a c h of w r i t i n g H , . and H. . . . t o g e t h e r i s 
p a r t i c l e i n t e r a c t i o n 
v e r y c o n v e n i e n t v ' . As i t t u r n s o u t , p i s a m e a s u r e of t h e t o t a l d e ­
f o r m a t i o n and i s c h o s e n a s a f i x e d e m p i r i c a l p a r a m e t e r f o r e ach n u c l e u s , 
7 i s a c o n s t a n t a n g l e ( s e e S e c t i o n I I of t h i s c h a p t e r ) ° F o r a f i x e d |3 
and 7 , t h e c o l l e c t i v e m o t i o n i s s t r i c t l y d e s c r i b e d b y H , ^ . i n s t e a d 
r o t a L' i o n 
of a c o m p l i c a t e d c o l l e c t i v e H a m i l t o n i a n . These a s s u m p t i o n s w i l l b e u s e d 
a s a s t a r t i n g p o i n t f o r t h e u n i f i e d model d e s c r i b e d i n Sec t ion , I of 
t h i s c h a p t e r . The i n t r i n s i c s t r u c t u r e of t h e n u c l e u s t o g e t h e r w i t h t h e 
N i l s s o n p o t e n t i a l , w i l l b e c o n s i d e r e d i n S e c t i o n I I „ 
R o t a t i o n a l N u c l e a r Model 
F o r s t r o n g l y deformed n u c l e i , t h e n u c l e u s i s assumed t o h a v e a 
pe rmanen t n o n - s p h e r i c a l s h a p e a T h i s a s s u m p t i o n can b e j u s t i f i e d s i n c e 
t h e n u c l e a r s h a p e l a s t s f o r a s u f f i c i e n t l y l o n g t i m e compared w i t h t h e 
m o t i o n of i n d i v i d u a l n u c l e o n s . F o r f u r t h e r s i m p l i c i t y t h e n u c l e u s i s 
assumed t o b e s p h e r o i d a l . As a c o n s e q u e n c e , t h e n u c l e o n s w i l l move i n 
a n a v e r a g e n o n - s p h e r i c a l f i e l d . The a p p e a r a n c e of t h e r o t a t i o n e n e r g y 
s p e c t r a i s a n a t u r a l r e s u l t o f t h e assumed n o n - s p h e r i c a l s h a p e 0 S i n c e 
t h e r o t a t i o n a l m o t i o n i s s o l e l y r e s p o n s i b l e f o r t h e c o l l e c t i v e m o t i o n , 
t h e u n i f i e d model can b e j u s t i f i a b l y c a l l e d t h e r o t a t i o n a l model i n t h i s 
s p e c i a l c a s e . 
I n o r d e r t o d e s c r i b e t h e r o t a t i o n a l m o t i o n of t h e n u c l e u s , t h e mos t 
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s u i t a b l e d y n a m i c a l v a r i a b l e s p r o b a b l y a r e t h e E u l e r a n g l e s 9ja,fi,'y) 
which s p e c i f y t h e o r i e n t a t i o n of t h e n u c l e u s w i t h r e s p e c t t o a s y s t e m 
of a x e s Oxyz } f i x e d i n t h e l a b o r a t o r y frame„ F o r c o n v e n i e n c e , t h e 
p r i n c i p a l a x e s } C x ' y ' z ^ a r e c h o s e n a s t h e s y s t e m of c o o r d i n a t e s f i x e d 
i n t h e n u c l e u s . A l l t h e o t h e r v a r i a b l e s , a s w e l l a s t h e i r c o n j u g a t e 
momenta, d e s c r i b i n g t h e i n t r i n s i c m o t i o n of i n d i v i d u a l n u c l e o n s w i l l 
b e g l o b a l l y c a l l e d ( $ ' ) • The d e s c r i p t i o n of t h e n u c l e a r m o t i o n i s b y 
no means c o m p l e t e w i t h t h e s e v a r i a b l e s . A n o t h e r s e t of e m p i r i c a l pa r am­
e t e r s a r e s t i l l n e e d e d t o s p e c i f y t h e s h a p e of t h e n u c l e u s , ' i . e . , t h e 
d e g r e e of i t s d e p a r t u r e from t h e s p h e i ' i c a l shape„ These p a r a m e t e r s can 
b e a d j u s t e d t o g i v e b e s t r e s u l t s f o r t h e e n e r g y s p e c t r a o r f o r t h e 
q u a d r u p o l e moment. The H a m i l t o n i a n of t h e s y s t e m i s assumed t o b e 
M = W „ , t ( e O + H i K t ( * * ) + H , O U f e , ( 2 - 5 ) 
where ^ ^ ( 0 ^ ) i s t h e k i n e t i c e n e r g y o p e r a t o r f o r t h e r o t a t i o n a l m o t i o n , 
H. 4 . ( 5 ' ) t h e i n t r i n s i c H a m i l t o n i a n , and H _ r e p r e s e n t s t h e c o u p l i n g m t x ' 3 c o u p l * 
of t h e r o t a t i o n a l and t h e i n t r i n s i c m o t i o n . 
E i g e n f u n c t i o n s of t h e H a m i l t o n i a n 
D e s p i t e t h e s i m p l i f i c a t i o n s a l r e a d y made, i t i s n o t e a s y t o o b t a i n 
t h e e i g e n f u n c t i o n s f o r t h e H a m i l t o n i a n ( 2 - 5 ) . A n o t h e r b a s i c a s s u m p t i o n 
i s t h u s i n t r o d u c e d and c a l l e d " t h e a d i a b a t i c a s s u m p t i o n " . T h i s a s sump­
t i o n s a y s s t h e s i n g l e - p a r t i c l e s t a t e s a r e n o t a f f e c t e d by t h e e x c i t a t i o n 
1 o f t h e c o l l e c t i v e m o t i o n . M a t h e m a t i c a l l y s p e a k i n g i t means t h a t t h e 
e i g e n f u n c t i o n s of t h e H a m i l t o n i a n ( 2 - 5 ) can b e s e p a r a t e d i n t o c o l l e c t i v e 
a n d ' i n t r i n s i c e i g e n f u n c t i o n s , , T h e r e f o r e , 
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Y ~ D ( e A ) X ( s ' ) , ( 2 - 6 ) 
whe re D ( 9 . ) i s an e i g e n f u n c t i o n of H , , and x ( ^ ' ) i s a n e i g e n f u n c t i o n of 1 ° r o t 
H ^ n ^ . ( ^ ' ) . I f t h e a d i a b a t i c a s s u m p t i o n i s t o b e v a l i d , i t i s n e c e s s a r y 
t h a t H . b e so s m a l l compared w i t h H , and H. , t h a t i t can b e c o u p l r o t i n t 
n e g l e c t e d . 
Now l e t R b e t h e a n g u l a r momentum due t o t h e c o l l e c t i v e m o t i o n and 
j t h e i n t r i n s i c a n g u l a r momentum, a s s o c i a t e d w i t h t h e m o t i o n of i n d i v i d ­
u a l n u c l e o n s . The t o t a l a n g u l a r momentum of t h e n u c l e u s i s t h e n g i v e n by 
7 = i * I . ( 2 - 7 ) 
2 
I t i s n e c e s s a r y t h a t t h e e i g e n f u n c t i o n s of H a l s o b e t h o s e of J , 
and J , ( j and J , a r e t h e p r o j e c t i o n s of Zf on Oz, t h e s p a c e f i x e d 
a x i s , and O z ' , t h e i n t r i n s i c - n u c l e a r a x i s , r e s p e c t i v e l y ) . 
The d e t a i l s of H. , and i t s e i g e n f u n c t i o n s w i l l b e l e f t o u t u n t i l i n t ° 
t h e n e x t s e c t i o n . H e r e , i t i s s i m p l y n o t e d t h a t j i s n o t a good 
quantum number s i n c e t h e p o t e n t i a l i s n o t s p h e r i c a l . However ; j , i s 
a good quantum number b e c a u s e t h e n u c l e u s i s assumed t o b e a x i a l l y sym­
m e t r i c . I t f o l l o w s t h a t 
where "c* d e n o t e s a l l o t h e r quantum numbers s p e c i f y i n g t h e I n t r i n s i c 
s t a t e . t w i l l b e d r o p p e d h e r e a f t e r . 
I f t h e n u c l e u s i s t r e a t e d a s a r i g i d b o d y , H .̂ w i l l h a v e t h e form 
^ = - $ ' + ^ + 4 - ( 2 - 9 ) 
17 
where t h e I ' s a r e t h e p r i n c i p a l moments of i n e r t i a l . The I ' s depend on 
t h e e m p i r i c a l p a r a m e t e r s which c h a r a c t e r i z e t h e s h a p e of t h e n u c l e u s . 
F o r an a x i a l l y symmet r i c n u c l e u s , two p r i n c i p a l moments of i n e r t i a a r e 
e q u a l , so t h a t 
I , , = Lf = 1 . ( 2 - 1 0 ) 
Combining E q u a t i o n s ( 2 - 1 0 ) and ( 2 - 7 ) w i t h E q u a t i o n ( 2 - 9 ) g i v e s ; 
2 
I n H £ t h e t e r m j i s e n t i r e l y a f u n c t i o n of t h e i n t r i n s i c m o t i o n , and 
t h e r e f o r e c a n b e a b s o r b e d i n a r e d e f i n e d H a m i l t o n i a n , H^^ . ( "£ ' ) . More-
o v e r , i f t h e t e r m J • j c an b e n e g l e c t e d , t h e n i s p r e c i s e l y t h e 
e i g e n f u n c t i o n of t h e r o t a t i o n a l H a m i l t o n i a n ( 2 - 1 1 ) and s a t i s f i e s 
The p r o p e r t i e s of t h e e i g e n f u n c t i o n s E ^ ( 9 ^ ) a r e d i s c u s s e d i n Appendix I . 
The n o r m a l i z e d e i g e n f u n c t i o n of t h e t o t a l H a m i l t o n i a n ( 2 - 5 ) i s 
( 2 - 1 3 ) 
= 1 ( 3 + 0 D ^ K ( © 0 , ( 2 - 1 2 a ) 
! v \ o ; M < ( e , ) , ( 2 - i 2 b ) 
K D ^ ( e ; ) . ( 2 - 1 2 c ) 
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The c o u p l i n g of t h e a n g u l a r momenta a s s o c i a t e d w i t h t h e wave f u n c t i o n i s 
shown i n F i g u r e 1 . 
C o n s i d e r a t i o n of N e g l e c t e d Term i n t h e H a m i l t o n i a n 
B e f o r e l o o k i n g i n t o more d e t a i l s of ty(jMKQ), i t i s i n s t r u c t i v e t o 
d i s c u s s t h e e f f e c t on iJ/(JMKQ) of t h e n e g l e c t e d t e r m ? ° . T h i s o p e r a t o r 
c a n b e w r i t t e n 
where 
T t = T x , ± >o cvwcL ^ t - ^ - ± i j r . ( 2 - 1 5 ) 
^(jMFffl) i s o b v i o u s l y an e i g e n f u n c t i o n of J / t j , w i t h e i g e n v a l u e Kfl. 
T h i s o p e r a t o r ^ A ' ^ I ' o n l y s h i f t s t h e e n e r g i e s of a l l s t a t e s b y t h e same 
amount , t h e r e f o r e does n o t a f f e c t t h e r e l a t i v e s p a c i n g s . I n o r d e r t o 
s t u d y t h e n e x t two t e r m s , J . j _ , X _ ( t s ' ) i s expanded i n t o t h e e i g e n -
_ + u 
2 2 f u n c t i o n s X . 0 ( s ' ) of j ( s i n c e X i s n o t a n e i g e n f u n c t i o n of j ) . 
T h e r e f o r e , 
Then 
; - , / r c, ^ L , ( 2 . 1 7 ) 
and ( s e e Appendix i ) 
F i g u r e 1 . C o u p l i n g of A n g u l a r Momenta of a Deformed N u c l e u s . 
—> 
J r e p r e s e n t s t h e t o t a l n u c l e a r a n g u l a r momentum, j i s t h e a n g u l a r 
—> 
momentum due t o t h e i n t r i n s i c m o t i o n of t h e n u c l e o n s , and R i s t h e 
a n g u l a r momentum g e n e r a t e d b y t h e c o l l e c t i v e m o t i o n of t h e n u c l e u s . 
Oz and 0z' J a r e t h e s p a c e f i x e d a x i s and t h e n u c l e a r symmetry a x i s , 
r e s p e c t i v e l y . 
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I ' ( 2 - 1 8 ) 
I f a l l s t a t e s w i t h t h e same i n t r i n s i c wave f u n c t i o n x„ b u t d i f f e r e n t 
v a l u e s of J a r e c a l l e d a r o t a t i o n a l b a n d , i t i s c l e a r t h a t t h e o p e r a ­
t o r s J , j _ mix d i f f e r e n t r o t a t i o n a l b a n d s w i t h ^ - v a l u e s d i f f e r i n g by 1 . 
— + 
Then 0, i s no l o n g e r a good quantum number a s p r e v i o u s l y a s sumed . How­
e v e r , t h i s b a n d - m i x i n g i s n e l g i g i b l y s m a l l , compared w i t h t h e i n t r i n s i c 
( l l ) 
e x c i t a t i o n e n e r g y ( d i a g o n a l t e r m s ) K o T h i s i s n o t t h e c a s e however when 
fi=K=l/2. Us ing t h e c o r r e c t s y m m e t r i z e d wave f u n c t i o n , i t c an b e shown 
(17 ) 
t h a t J , j _ c o n t r i b u t e s an a d d i t i o n a l n o n - v a n i s h i n g d i a g o n a l t e r m , 
H e r e a f t e r , o n l y t h e c a s e where ii i s a good quantum number w i l l 
b e c o n s i d e r e d . 
Symmetry of t h e N u c l e a r Wave F u n c t i o n 
From t h e b e g i n n i n g , t h e n u c l e u s i s a ssumed t o h a v e a s p h e r o i d a l 
s h a p e . Thus , i t i s r e q u i r e d t h a t t h e n u c l e a r wave f u n c t i o n b e i n ­
v a r i a n t u n d e r a r o t a t i o n a b o u t t h e symmetry a x i s t h r o u g h a n a r b i t r a r y 
a n g l e *P and a l s o u n d e r a r o t a t i o n t h r o u g h an a n g l e jt a b o u t an a x i s 
n o r m a l t o t h e symmetry a x i s and p a s s i n g t h r o u g h t h e c e n t e r . 
The f i r s t r o t a t i o n i s d e n o t e d by R ( z ' V p ) where Qz* i s c h o s e n a s t h e 
3 + 
( 2 - 1 9 ) 
whe re " a " , t h e d e c o u p l i n g p a r a m e t e r , i s g i v e n by 
( 2 - 2 0 ) 
2 1 
symmetry a x i s . I t s e f f e c t s on rfL.(0.) and X_("S') w i l l now b e c o n s i d e r e d . 
MK. 1 iZ 
S i n c e i s an e i g e n f u n c t i o n of J 2 , u n d e r t h e r o t a t i o n R ( z ' , f ) i t t r a n s -MK 
forms a c c o r d i n g t o (Appendix I ) 
i . e . K ( x . ' , * ) - 0 ^ = e ( 2 _ 2 2 ) 
» 2 
S i n c e X^("S #) i s n o t a n e i g e n f u n c t i o n of j , i t i s f i r s t expanded i n 
t e r m s of X a s i n E q u a t i o n ( 2 - l 6 ) o Then u n d e r t h e r o t a t i o n R(z '_, l f) 
one h a s 
R & ¥ > = YL D ^ ( ° ° ^ V = ) _ £ < W ^ , ( 2 . 2 3 ) 
A ' -0.' 
i . e . X , , - ^ ^ X ^ . ( 2 - 2 4 ) 
Note t h e s t a r on D^ i^ i n E q u a t i o n ( 2 - 2 3 ) . The d i f f e r e n c e b e t w e e n t h e 
two t r a n s f o r m a t i o n s , E q u a t i o n s ( 2 - 2 l ) and ( 2 - 2 3 ) , i s due t o d i f f e r e n t 
r e f e r e n c e f r ames (Appendix l ) » F i n a l l y ^(jMKfo) t r a n s f o r m s a c c o r d i n g t o 
JL ( K - n.) 4> 
^ ^ ) 4 r ( j K \ K a ) =: * 4 f ( T I ^ \ K X l ) . ( 2 - 2 5 ) 
I f t h e f u n c t i o n ^(JMK&) i s t o b e i n v a r i a n t u n d e r t h i s r o t a t i o n , i t i s 
n e c e s s a r y t h a t 
K = fL . ( 2 - 2 6 ) 
The s e c o n d r o t a t i o n , d e n o t e d b y R ( y ' , ^ ) ^ c a n b e s t u d i e d i n an 
a n a l o g o u s m a n n e r . Hence , 
22 
R ( $ M O D ^ E D K K ' ( 0 1 t 0 ) I ) « K ' = ) _ ( - ° J " ' X ^ - D « K ' ' ( 2 - 2 7 ) 
* < ^ ) ^ K = ( - , ) 3 " X - K ' ( 2 - 2 8 ) i . e . 
* w v = > _ * > * o ) V = L ' ^ ' X ^ V ' ( 2 - 2 9 ) 
R ( ^ ) V = ( - ^ X ^ , ( 2 - 3 0 ) 
i . e . ^ • ( 2 . 3 1 ) 
I n E q u a t i o n (2-3-1) , ( - 1 ) ^ must b e u n d e r s t o o d a s an o p e r a t o r a c t i n g on 
e a c h component X. i n t h e e x p a n s i o n . Thus , 
^ ^ - Y j ^ ^ X ^ . ( 2 - 3 2 ) 
i 
S i n c e j - f l i s a l w a y s an i n t e g e r , i t f o l l o w s t h a t 
R C ^ . T O ^ ' C J ^ K ^ r ( - 0 ° " ^ ( J K - ^ - x i ) . ( 2 - 3 3 ) 
P r o v i d e d K :^ 0 , i t c a n b e s e e n t h a t \|/(JMK) i s n o t i n v a r i a n t u n d e r 
t h i s r o t a t i o n . However, t h e l i n e a r c o m b i n a t i o n ty(jMK) + R(y' , j r) \ | / ( jMK) 
i s i n v a r i a n t . The n o r m a l i z e d wave f u n c t i o n i s t h e n g i v e n by 
= ( w / ^ ^ ^ * « - 0 \ > > \ a ( r t ] • ( 2 - 3 4 ) 
S i n c e K( . J , p r o v i d e d K ^ 0 , t h e s e q u e n c e 
J=K, K+l , K+2, . . . ( 2 - 3 5 ) 
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c o n s t i t u t e s t h e r o t a t i o n a l band w i t h t h e g round s t a t e K . 
I f K = 0 a d i f f e r e n t s i t u a t i o n e x i s t s , E q u a t i o n ( 2 - 2 3 ) t h e n becomes 
\|/(jMO) i t s e l f now h a s d e f i n i t e p a r i t y , . The s e c o n d t e r m i n t h e l i n e a r 
c o m b i n a t i o n ( 2 - 3 4 ) e i t h e r c o n t r i b u t e s n o t h i n g new o r c a n c e l s o f f t h e 
f i r s t t e r m . T h e r e f o r e , t h e n o r m a l i z e d wave f u n c t i o n f o r t h e c a s e K = 0 
w i l l b e t a k e n a s 
I n t r i n s i c S t r u c t u r e of t h e N u c l e u s 
At t h e p r e s e n t t i m e , i t i s n o t p o s s i b l e t o d e s c r i b e t h e i n t r i n s i c 
s t r u c t u r e of t h e n u c l e u s i n a p r e c i s e manner s i n c e t h e e x a c t n a t u r e of 
t h e n u c l e a r f o r c e i s n o t known. The p r a c t i c a l way t o s o l v e t h e p r o b l e m 
t h e n c o n s i s t s of p o s t u l a t i n g a c e r t a i n a v e r a g e p o t e n t i a l i n which t h e 
n u c l e o n s move. I n so d o i n g , t h e p r o b l e m b e a r s a s t r o n g s i m i l a r i t y w i t h 
t h e w e l l - k n o w n a t o m i c p r o b l e m . F o r a deformed n u c l e u s , some form of an 
a n i s o t r o p i c h a r m o n i c o s c i l l a t o r p o t e n t i a l i s g e n e r a l l y u s e d . 
To r e p r e s e n t t h e i n t e r a c t i o n of one n u c l e o n w i t h t h e n u c l e a r f i e l d , 
(17 ) 
N i l s s o n assumed an i n t r i n s i c H a m i l t o n i a n of t h e form 
M = W Q + C i s , ( 2 - 3 8 ) 
where 
2k 
H « = " ^ V ' * + ^ ' D • ( 2 - 3 9 ) 
The l » s - t e r m i s t h e s p i n - o r b i t i n t e r a c t i o n a s i n t h e s h e l l model» The 
2 
1 - t e r m s e r v e s t o d e p r e s s t h e h i g h a n g u l a r momentum s t a t e s „ The pa ram­
e t e r s C and D a r e c h o s e n i n s u c h a way t h a t t h e o b s e r v e d s i n g l e - p a r t i c l e 
l e v e l s t r u c t u r e n e a r c l o s e d s h e l l s mus t b e r e p r o d u c e d a t z e r o d e f o r m a t i o n . 
The os's depend on a s i n g l e d e f o r m a t i o n p a r a m e t e r 5 i n t h e • f o l l o w i n g 
manner 
U>% OJ^ - GO* 0 + | o ) , (2-lfOa) 
= w « 0 - ^ 5 ) . (2-lK)b) 
The c o n d i t i o n of c o n s t a n t n u c l e a r volume l e a d s t o 
ooK cOu co, = co\ns1ar\t . ( 2 - ^ 1 ) 
3 o 
I f E q u a t i o n (2-lj-l) i s combined w i t h E q u a t i o n s '(2-^-Oa) and ( 2 - ^ 0 b ) , o> i s 
t h e n g i v e n by 
w . c 8 ) = w . ( o ) ( , - | 6 a - i l 6 5 ) " ' / 6 , ( 2 . t e ) 
where as ( o ) i s t h e v a l u e of as (5 ) when 5=0. o N ' o 
Wow i t i s c o n v e n i e n t t o i n t r o d u c e t h e new c o o r d i n a t e s 
% = ( lAwO*"* ' , =• ( M W O / * ^ . ' , ( N \ C O O ) \ ' - ( 2 - 4 3 ) 
H t h e n can b e w r i t t e n a s o 
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H 0 = W 0 + H S , ( 2 - W ) 
where 
and 
U 0 = , ( 2 _ 4 5 ) 
S - ? + 1 +• ^ • ( 2 - 4 7 ) 
I t t u r n s o u t t h a t f o r N i l s s o n J s p o t e n t i a l , t h e q u a n t i t i e s p and y d e ­
f i n e d by Equa t ions . ( 2 - 4 a ) a n d ( 2 - 4 b ) become 
O , ( 2 - 4 8 a ) 
. (2-H8b) 
0 2 S i n c e H , 1 , 1 and s commute w i t h one a n o t h e r , N i l s s o n c h o s e cr 3 z z ' 
o 2 
a r e p r e s e n t a t i o n i n which H, 1 , 1 and a r e d i a g o n a l . , The b a s i c 
v e c t o r s a r e t h e n |fcUM)> and s a t i s f y 
* 
M J > = ( N 4 | ) C O , I > , (2-^9 'a ) 
^ | > = - t ( < + 0 | > > ( 2 - 4 9 b ) 
D e t a i l s of E q u a t i o n ( 2 - ^ 9 a ) can b e found i n Append ix I I . 
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^ I > = ^ \ > , ( 2 - 4 9 c ) 
S * 1 > = 21 I > ( 2 - 4 9 d ) 
The H a m i l t o n i a n ( 2 - 3 8 ) i s now w r i t t e n 
U - M 0 t t C I s + D i * . ( 2 - 5 0 ) 
o 2 
I n t h e c h o s e n r e p r e s e n t a t i o n , H Q and 1 a r e d i a g o n a l a - p r i o r i . , How-
—> —> 
e v e r , H g and l . s a r e n o t d i a g o n a l . I n f a c t , H g i s d i a g o n a l i n A and 
—» —> 
Z b u t c o u p l e s 1 w i t h 1 + 2 and N w i t h N + 2 , w h i l e l . s i s d i a g o n a l 
i n N and 1 b u t c o u p l e s A w i t h A± 1 and Z w i t h Z + 1 . 
The f u l l e n e r g y m a t r i x can b e o b t a i n e d w i t h o u t much d i f f i c u l t y . 
However, t h e d i a g o n a l ! z a t i o n of t h e i n f i n i t e m a t r i x w i t h t e r m s c o u p l i n g 
N w i t h N + 2 i s v e r y i n v o l v e d . F o r t u n a t e l y , t h e s e o f f * - d i a g o n a l t e r m s 
(17 ) 
a r e much s m a l l e r t h a n t h e d i a g o n a l o n e s x ' a n d , c o n s e q u e n t l y , a r e 
n e g l e c t e d . N i s t h e n a l s o a good quantum number . F u r t h e r m o r e , a l t h o u g h 
1 and s do n o t commute w i t h H , j = % + s d o e s commute w i t h H. z z ' ° z z z 
The c o r r e s p o n d i n g quantum number i s d e n o t e d b y Q, . T h u s , f o r e a c h s e t 
o f N a n d ' f i , t h e r e i s one m a t r i x t o d i a g o n a l i z e . The v e c t o r s 
w i t h Q, = A+ Z a r e u s e d a s b a s i c v e c t o r s . The d i a g o n a l i z a t i o n y i e l d s 
a s e t of s i n g l e - p a r t i c l e e i g e n v a l u e s and c o r r e s p o n d i n g e i g e n f u n c t i o n s , 
d e p e n d i n g on t h e d e f o r m a t i o n p a r a m e t e r s , 
o 
S i n c e H Q i s d i a g o n a l i n t h e c h o s e n r e p r e s e n t a t i o n , N i l s s o n d e f i n e d 
a new o p e r a t o r R b y 
U - M 0 = X C 0 0 ( o ) R y ( 2 - 5 1 ) 
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where 
& = H U - ^ t . s - r t , ( 2 - 5 2 a ) 
0 ~ ' i V J l< ' ( 2 - 5 2 h ) 
C 
*w7co) ' ( 2 - 5 3 ) 
C (2-5*0 
1 ' K co 0 Co) ( 2 - 5 5 ) 
I n t h i s d i a g o n a l i z a t i o n , R i s t r e a t e d a s a f u n c t i o n of T\ ( o r 5) and 
d i a g o n a l i z e d f o r a s e q u e n c e of r\- ( o r S-) v a l u e s , u i s c h o s e n d e p e n d i n g 
on N . X . i s t a k e n t o b e e q u a l t o 0 . .05 . 
N i l s s o n g i v e s an e x t e n s i v e t a b u l a t i o n of e i g e n v a l u e s and e i g e n f u n c -
t i o n s ( t h e v a l u e s of a ^ A i n t h e e x p a n s i o n Za^ A |tvUAZ>) up t o N=6. 
N i l s s o n a l s o p l o t s t h e e n e r g y l e v e l s a s f u n c t i o n t h e p a r a m e t e r T\ * 
The r e s u l t s o b t a i n e d b y N i l s s o n a r e r e m a r k a b l e . However, i n v i e w of 
t h e t h r e e p a r a m e t e r s b e s i d e s a ) Q ( o ) which can b e c h o s e n q u i t e f r e e l y , 
t h e v a l i d i t y of t h e t h e o r y i s r a t h e r a r b i t r a r y . N e v e r t h e l e s s , f o r t h e 
t i m e b e i n g , N i l s s o n J s works - s e r v e , a s M. B a r a n g e r p u t i t , a s t h e " b i b l e 
of e x p e r i m e n t a l n u c l e a r p h y s i c i s t s " . 
M. B a r a n g e r , I n 1962 C a r g e s e L e c t u r e s i n T h e o r e t i c a l P h y s i c s , e d i t e d 
b y M. Levy , p . V7, Benjamin I n c . , New York ( 1 9 6 3 ) • 
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CHAPTER I I I 
SPHERICAL TENSOR OPERATORS 
IN BETA AND ELECTROMAGNETIC TRANSITIONS 
As a r e s u l t of t h e r e q u i r e m e n t of L o r e n t z i n v a r i a n c e \in D i r a c 
t h e o r y , a t most f i v e d i f f e r e n t t y p e s of i n t e r a c t i o n can b e c o n s t r u c t e d 
( 2 ) 
a n d l i s t e d , c o n v e n t i o n a l l y , S, V, T, A and P v . T h e s e i n t e r a c t i o n s 
t r a n s f o r m c o v a r i a n t l y and can f u l l y d e s c r i b e t h e b e t a d e c a y p r o c e s s . 
The t h e o r e t i c a l c a l c u l a t i o n of t h e t r a n s i t i o n p r o b a b i l i t y and thev. o t h e r 
e x p e r i m e n t a l o b s e r v a b l e s of b e t a d e c a y r e q u i r e s t h e e v a l u a t i o n o f l e p -
t o n i c and n u c l e a r m a t r i x e l e m e n t s f o r t h e s e o p e r a t o r s . The l e p t o n i c 
m a t r i x e l e m e n t s can b e o b t a i n e d w i t h a c c u r a c y , s i n c e t h e D i r a c e q u a t i o n 
f o r l i g h t p a r t i c l e s c a n b e s o l v e d w i t h many r e f i n e m e n t s . The n u c l e a r 
m a t r i x e l e m e n t s can o n l y b e o b t a i n e d from a p a r t i c u l a r model of t h e 
n u c l e u s . 
The commonly u s e d d e f i n i t i o n s f o r t h e o p e r a t o r s and t h e i r c o r ­
r e s p o n d i n g m a t r i x e l e m e n t s ' w e r e f i r s t p r e s e n t e d by K o n o p i n s k i a n d 
Uh lenbeck K o t a n i and R o s s ^ ^ h a v e p r e s e n t e d , t h e o r e t i c a l e x p r e s ­
s i o n s f o r t h e v a r i o u s e x p e r i m e n t a l o b s e r v a b l e s of f i r s t - f o r b i d d e n b e t a 
d e c a y i n t e r m s of n u c l e a r m a t r i x e l e m e n t s a s d e f i n e d b y K o n o p i n s k i and 
(15 ) 
U h l e n b e c k . Rose and 0 s b o r n v ' h a v e d i s c u s s e d t h e r e p r e s e n t a t i o n of 
b e t a d e c a y o p e r a t o r s i n t e r m s of s p h e r i c a l t e n s o r s . They a l s o h a v e p r e ­
s e n t e d t h e r e l a t i o n be tween t h e o p e r a t o r s a n d c o r r e s p o n d i n g m a t r i x 
e l e m e n t s i n t h e s p h e r i c a l t e n s o r n o t a t i o n a n d i n t h e c u s t o m a r y n o t a t i o n 
of K o n o p i n s k i and U h l e n b e c k . I n t h e p r e s e n t work i t was f o u n d c o n v e n i e n t 
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t o d e r i v e t h e o r e t i c a l e x p r e s s i o n s f o r t h e m a t r i x e l e m e n t s i n t e r m s of 
t h e n o t a t i o n and d e f i n i t i o n s of Rose and Osborn . I n t h i s c h a p t e r v a r i o u s 
a s p e c t s of t h e s p h e r i c a l t e n s o r r e p r e s e n t a t i o n of b e t a d e c a y o p e r a t o r s a r e 
d i s c u s s e d . The d i s c u s s i o n c l o s e l y f o l l o w s t h a t p r e s e n t e d by Rose and 
Osborn . 
Rose a n d Osborn h a v e r e f o r m u l a t e d t h e t h e o r y of f o r b i d d e n b e t a 
d e c a y i n a r e p r e s e n t a t i o n i n w h i c h o n l y even D i r a c o p e r a t o r s o c c u r i n 
t h e n u c l e a r s p a c e . The r e f o r m u l a t i o n p r o c e e d s by means of a F o l d y -
Wouthuysen t r a n s f o r m a t i o n and i m p l i e s t h a t n o n r e l a t i v i s t i c n u c l e a r 
wave f u n c t i o n s may b e u s e d f o r t h e d e s c r i p t i o n of b e t a t r a n s i t i o n s . 
I n t h e new f o r m u l a t i o n , t h e f o l l o w i n g s u b s t i t u t i o n s a r e made f o r t h e 
odd o p e r a t o r s : 
where M i s t h e n u c l e o n mass and p= - i v . 
The v a r i o u s b e t a d e c a y o p e r a t o r s a r e e x p r e s s e d by Rose and Osborn 
i n t e r m s of s p h e r i c a l t e n s o r s d e f i n e d by 
P t y ^ 3 ) , ( 3 - D 
( 3 - 2 ) 
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I n t h i s n o t a t i o n , t h e t e n s o r o p e r a t o r T. T (~r,(S) i s of r a n k \ and of 
Aim 
p a r i t y it ; g i v e n by 
TL - T C ( L ) TT(LO) - C-i)LTTCU)) . ( 3 - 3 ) 
F o r b e t a d e c a y of a r b i t r a r y f o r b i d d e n n e s s o r d e r a l l of t h e o p e r a t o r s 
f a l l i n t o f i v e t y p e s : 
Type-' I : ^ x m ^ ' ^OT S - V i n t e r a c t i o n s , 
Type I I : T. (*\,CT) , f o r A-T-P i n t e r a c t i o n s , 
A.iiTl 
Type I I I : T^-^Cr, !?) > f o r v i n t e r a c t i o n s , 
Type IV: ^ f x n / ^ ^ * ^ * ' ^ ' ° r ^ ^ - n ^ e r a c ^ ^ o n s ^ 
Type V: T ^ ^ r ^ o ^ x f o r T ^ " t ^ 1 " 8 , 0 " ^ 0 1 1 1 5 . 
F o r any of t h e f i v e o p e r a t o r s l i s t e d a b o v e , t h e t r a n s i t i o n m a t r i x 
e l e m e n t b e t w e e n t h e i n i t i a l n u c l e a r s t a t e | ±y and t h e f i n a l n u c l e a r 
s t a t e | fy c a n b e e x p r e s s e d i n t h e form 
T h i s r e l a t i o n s h i p i s t h e W i g n e r - E c k a r t t h e o r e m . J . and M. a r e t h e 
1 1 . 
i n i t i a l n u c l e a r s t a t e quantum numbers w h i l e J^, and M. r e f e r t o t h e 
f i n a l s t a t e . The dependence of t h e m a t r i x e l e m e n t ^ ^ l ^ ^ j ^ l 0 o n ^ e 
m a g n e t i c quantum numbers i s c o n t a i n e d e n t i r e l y i n t h e C - c o e f f i c i e n t 
(Appendix i ) . The q u a n t i t y ^ f | | T ^ | | i ^ i s c a l l e d t h e r e d u c e d m a t r i x 
e l e m e n t of t h e o p e r a t o r . F r e q u e n t l y i t i s c o n v e n i e n t t o e x p r e s s c e r t a i n 
b e t a d e c a y e q u a t i o n s i n t e r m s of t h e q u a n t i t y 
Y | < $ I T * L m U > f . 
3 1 
The r e l a t i o n s h i p be tween t h i s q u a n t i t y and t h e c o r r e s p o n d i n g r e d u c e d 
m a t r i x e l e m e n t i s e a s i l y e s t a b l i s h e d i n t h e f o l l o w i n g manner . 
YV. . lN'\f 
Thus 
2 X + I 
m._, iv\ c 
I n T a b l e 1 , t h e r e l a t i o n be tween t h e r e d u c e d m a t r i x e l e m e n t s f o r t h e 
a b o v e o p e r a t o r s and t h e c o r r e s p o n d i n g r e d u c e d m a t r i x e l e m e n t s i n t h e 
c u s t o m a r y n o t a t i o n of K o n o p i n s k i and Uh lenbeck i s p r e s e n t e d . The 
n o r m a l i z i n g f a c t o r N i s d e f i n e d so t h a t N i s t h e r a t i o of t h e e n t r y 
i n t h e s e c o n d column t o t h a t i n t h e f i r s t o n e . F o r e x a m p l e : 
r - 411 3 
I n T a b l e 2 t h e p a r i t y and t h e d e g r e e of f o r b i d d e n n e s s of e a c h o p e r a t o r 
a r e g i v e n . 
F o r b e t a t r a n s i t i o n s , o n l y t h e f i r s t f o u r o p e r a t o r s a r e n e e d e d . 
The l a s t o p e r a t o r comes f rom t h e t e n s o r i n t e r a c t i o n , and was r u l e d o u t 
b y t h e c u r r e n t V-A i n t e r a c t i o n t h e o r y . Fo r t h e sake, of m a t h e m a t i c a l com­
p l e t e n e s s , t h e m a t r i x e l e m e n t s f o r t h i s o p e r a t o r a r e a l s o e v a l u a t e d . 
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T a b l e 1 . C o r r e s p o n d e n c e Between . S p h e r i c a l T e n s o r and C a r t e s i a n 
T e n s o r N o t a t i o n s f o r Reduced M a t r i x E l e m e n t s i n B e t a 
Decay of Degree o f F o r b i d d e n n e s s n ^ 2 . 
S p h e r i c a l N o t a t i o n C a r t e s i a n N o t a t i o n N n I n t e r a c t i o n 
< h 0 ( ? , ? ) | | > | 0 T - A 
kjtVh I s - v 
< | | T 1 1 ( ? ) 5 , ) | | > \ W X ? 1 T " A - l l ' - * ' ' ' " / \1 a x r 
8« 
V 
< | T 2 1 ( ? , 5 ) | | > B f 
< l ? ' P l > ( 7 5 T 
< | | T J B ( ? , ^ | | > U ? 1 T-A-P - l ' < 3 ^ ' " " i / Jcr-.r 
< | T 1 Q ( ? , ? x S ) l l> f < * ? ^ 1 T 
<frmaM> fo. - i i - 2 T - A • 2 2 — " V l 5 
< | | T 3 2 ( ? ; ? ) | | > 5 s ± J k 2 
< | T _ , C ? , ? * 3 ) | > C » § 8 * 2 T 
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T a b l e 2 . P a r i t y and F o r b i d d e n n e s s of O p e r a t o r s 
O p e r a t o r s P a r i t y F o r b i d d e n n e s s 
\ 
( - D L L 
U ) L + 1 L+l 
\+l 
( - D L + 1 L+l 
L 
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• So f a r , n o t h i n g h a s b e e n s a i d a b o u t t h e o p e r a t o r s f o r e l e c t r o m a g n e t i c 
t r a n s i t i o n s . I t c a n be e a s i l y shown, t h a t t h e f i r s t t h r e e o p e r a t o r s a r e 
a l s o e s s e n t i a l l y r e s p o n s i b l e f o r e l e c t r o m a g n e t i c r a d i a t i o n . The f i r s t one 
i s r e s p o n s i b l e f o r t h e v a r i o u s e l e c t r i c moments . The s econd and t h e 
t h i r d o p e r a t o r s a r e r e s p o n s i b l e f o r t h e m u l t i p p l ' e r a d i a t i o n of p a r t i c l e s 
w i t h s p i n . 
I t s h o u l d b e n o t e d t h a t t h e r e d u c e d m a t r i x e l e m e n t s a r e n o t H e r m i t i a n . 
I n many c a s e s , t h e H e r m i t i a n c o n j u g a t i o n i s r a t h e r c o m p l i c a t e d s i n c e d i f ­
f e r e n t a r g u m e n t s i n t h e o p e r a t o r do n o t commute. I n g e n e r a l , i f T ^ d e ­
n o t e s any one of t h e f i v e o p e r a t o r s , i t s H e r m i t i a n c o n j u g a t e i s 
g i v e n b y 
F o r each o f t h e f i v e o p e r a t o r s , t h e r e s u l t s f o r ( - 1 ) , P , and T ' a r e 
A. 
g i v e n i n T a b l e 3* 
Wow t h e r e l a t i o n b e t w e e n a r e d u c e d m a t r i x e l e m e n t and i t s H e r m i t i a n 
c o n j u g a t e may b e d e t e r m i n e d i n t h e f o l l o w i n g manner . F i r s t , from t h e 
W i g n e r - E c k a r t theorem-, t h e f o l l o w i n g i s o b t a i n e d . 
where V i s a c o n s t a n t and ; T( i s a n o t h e r o p e r a t o r of t h e same r a n k . 
( 3 - 5 ) 
A l s o , w i t h t h e h e l p of E q u a t i o n ( 3 - 4 ) f o r T + i t f o l l o w s t h a t 
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T a b l e 3- T e n s o r O p e r a t o r s u n d e r H e r m i t i a n C o n j u g a t i o n 
T Am ( - D A, -m 
T Aim' ( - 1 ) 
( - 1 ) 




3 L a / 2 , 
\ ( 2 \ + l ) ] l / 2 
N T 6 L ( 2 L + 1 ) W ( 1 1 L - l L , l \ ) 
m ( ? ) 
T . _ ( r , o ) 
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H e r e , t h e symmetry p r o p e r t i e s of C - c o e f f i c i e n t s (Append ix I ) have b e e n 
u s e d i n o r d e r t o o b t a i n t h e l a s t e q u a t i o n . T h u s , f rom E q u a t i o n s ( 3 - 5 ) 
and ( 3 - 6 ) one h a s 
< m ^ i i S = k ^ ^ ^ < m \ 4 ) ± f x j i n ^ ( 3 . 7 ) 
I n o r d e r t o e s t a b l i s h t h e r e s u l t s of T a b l e 3 o n e s i m p l y s t a r t s f rom 
t h e d e f i n i t i o n of t h e s p h e r i c a l t e n s o r . F o r t h e f i r s t two o p e r a t o r s , i t 
i s q u i t e o b v i o u s . As a n e x a m p l e , t h e r e l a t i o n b e t w e e n T ^ ^ r ^ p ) a n d -
T i \ Im ( r , P ) "wil l b e d e r i v e d . From t h e d e f i n i t i o n ( 3 - 1 ) 
" W n # = £ , ( ' L V » W A » > % w $ y l r » < $ ) • ( 3 - 8 ) 
Then 
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Making u s e of t h e commuta t ion r e l a t i o n ( s e e n o t e a t t h e end of t h i s 
c h a p t e r ) , 
( 3 - 1 0 ) 
E q u a t i o n ( 3 - 9 ) becomes 
( 3 - 1 1 ) 
A g a i n , t h e symmetry p r o p e r t i e s of t h e G - c o e f f i c i e n t s a r e u s e d . The 
f i r s t sum o v e r m' y i e l d s T,_ ( r , p ) , 'by d e f i n i t i o n ; and t h e s econd sum 
A L , -m 
o v e r m' y i e l d s £ \ . T h e r e f o r e , 
A, L - l 
T h i s e q u a t i o n i s t h e d e s i r e d r e s u l t . 
N o t e : The commuta t ion r u l e ( 3 - 1 0 ) e s s e n t i a l l y comes from t h e 
g r a d i e n t f o r m u l a : 
where (j) ( r ) i s a n a r b i t r a r y f u n c t i o n of r and 
( 3 - 1 3 ) 
Now 
So t h a t 
-- v m r L v L B , t r L y L m , ^ - r L y u , v m 
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^ l . m ' ( ? ) - r L \ m ' , ( 3 - 1 4 ) 
( i b r ) V + O < L I m V | L - i m ; m > r L " ' y L M , , ( 3 . 1 5 ) 
or , f i n a l l y , 
C H , m c f > , n i w c ? ) ] = ^ ( i . _ k _ ) % u 0 < 1 L m m . | L . , „ W ) i | H ^ ( ? ) , ( 3 _ l 0 ) 
39 
CHAPTER IV 
NILSSON SINGLE PARTICLE INTRINSIC MATRIX ELEMENT'S 
F o r s t r o n g l y deformed n u c l e i , t h e wave f u n c t i o n 
( 4 - 1 ) 
i n g e n e r a l g i v e s a good r e p r e s e n t a t i o n of n u c l e a r s t a t e s . The c h a r a c ­
t e r i s t i c s of t h i s wave f u n c t i o n h a v e b e e n e x t e n s i v e l y d i s c u s s e d i n 
C h a p t e r I I . The d e s c r i p t i o n of a p a r t i c u l a r n u c l e a r l e v e l i n t e r m s of 
\|/ i s c o n s i d e r e d i n . C h a p t e r V. 
As d i s c u s s e d i n C h a p t e r I I I , t h e b e t a d e c a y r e d u c e d n u c l e a r m a t r i x 
e l e m e n t s a r e p r o p o r t i o n a l t o m a t r i x e l e m e n t s of t h e form 
where r e p r e s e n t s t h e s p h e r i c a l o p e r a t o r s e x p r e s s e d i n t e r m s of a 
c o o r d i n a t e s y s t e m f i x e d i n s p a c e . I n t h e e v a l u a t i o n of t h e m a t r i x 
e l e m e n t ( 4 - 2 ) t h e i n t e g r a t i o n o v e r t h e v a r i a b l e s of t h e r o t a t i o n a l wave 
f u n c t i o n s , D ^ r , can b e p e r f o r m e d . A l s o , f o r s i t u a t i o n s i n which X^ 
r e p r e s e n t s t h e a n t i s y m m e t r i z e d p r o d u c t of two o r more N i l s s o n p s i n g l e -
p a r t i c l e wave f u n c t i o n s , t h e i n t e g r a t i o n o v e r t h e i n t r i n s i c v a r i a b l e s f o r 
t h e n o n ^ t r a n s f o r m i n g p a r t i c l e s c a n b e c a r r i e d o u t . P e r f o r m i n g t h e s e two 
i n t e g r a t i o n s makes i t p o s s i b l e t o e x p r e s s t h e m a t r i x e l e m e n t ( 4 - 2 ) i n 
t e r m s of s i n g l e - p a r t i c l e i n t r i n s i c m a t r i x e l e m e n t s 
( 4 - 2 ) 
4o 
T 1 
( * - 3 ) 
where X ^ and X ^ , a r e r e s p e c t i v e l y t h e I n i t i a l and f i n a l N i l s s o n s i n g l e -
p a r t i c l e s t a t e s of t h e t r a n s f o r m i n g p a r t i c l e , , ^-^j^ r e p r e s e n t s t h e s p h e r i ­
c a l o p e r a t o r s e x p r e s s e d i n t e r m s of a c o o r d i n a t e s y s t e m f i x e d i n t h e n u ­
c l e a r f rame i n which t h e N i l s s o n s i n g l e - p a r t i c l e wave f u n c t i o n s a r e d e ­
s c r i b e d , , 
I n t h i s c h a p t e r t h e s i n g l e - p a r t i c l e i n t r i n s i c m a t r i x e l e m e n t s ( 4 - 3 ) 
a r e e v a l u a t e d f o r t h e s p h e r i c a l o p e r a t o r s , T ^ - ^ d e f i n e d i n C h a p t e r I I I . 
I n C h a p t e r s VI and V I I t h e e x p r e s s i o n s f o r t h e s i n g l e - p a r t i c l e i n t r i n s i c 
m a t r i x e l e m e n t s w i l l b e u s e d i n t h e d e r i v a t i o n o f t h e b e t a d e c a y n u c l e a r 
m a t r i x e l e m e n t s f o r odd-mass and even -mass n u c l e i , r e s p e c t i v e l y . 





| N < M > -o i * r i F | ( - n . / n i ; r ' - ) V c J s j : ( 4 - 5 ) 
a n d _ n . = A * £ • ( 4 - 6 ) 
i s t h e c o n f l u e n t h y p e r g e o m e t r i c f u n c t i o n , t h e c u s t o m a r y 
s p h e r i c a l h a r m o n i c s , and -£ s^ t h e s p i n wave f u n c t i o n ( w i t h s = l / 2 ) . De­
t a i l s of t h e wave f u n c t i o n ( 4 - 4 ) can b e found i n Append ix I I a The p r o p ­
e r t i e s of t h e C - c o e f f i c i e n t and t h e Racah c o e f f i c i e n t which a r e u s e d 
hi 
t h r o u g h o u t t h e c h a p t e r a r e d i s c u s s e d i n Appendix I . 
F i n a l l y , wheneve r t h e sum o v e r i and -f a p p e a r s , i t h a s t h e m e a n i n g 
of summing o v e r ; and } A^., S . ^ . } r e s p e c t i v e l y . T h i s " i " h a s n o t h i n g 
P 
t o do w i t h t h e i m a g i n a r y i ( i " = - l ) which a p p e a r s f rom t i m e t o t ime* The 
e x p r e s s i o n s such a s <(>^ ^ \ V ^ m | . n a v e t h e mean ing of an i n t e g r a l . 
T h e r e f o r e , 
O p e r a t o r ^ ^ ( r ) 
From t h e d e f i n i t i o n of t h e s o l i d s p h e r i c a l h a r m o n i c s 
t h e m a t r i x e l e m e n t ^X^ I ' U ^ C ? ) | x ^ ^ m a v b e e v a l u a t e d a s f o l l o w s : 
f • * i 
= H ^ A ^ < V f ^ N i ^ > < V ^ ^ > 
4-TT + 
( U o o I ^ Q> 
Thus 
( 4 - 8 ) 
D e t a i l s of t h e r a d i a l m a t r i x e l e m e n t i n t h i s s e c t i o n a n d i n t h e 
s e c t i o n s wh ich f o l l o w may h e found i n Appendix I I . 
O p e r a t o r L rm C ? , ^ 
From t h e d e f i n i t i o n 
one h a s f o r < x j T ^ t f * ) | X_ > 
Making u s e of t h e r e l a t i o n ^ 
E q u a t i o n ( 4 - 9 ) becomes — 
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S i n e e t h e T ' s can o n l y assume t h e v a l u e s + 1/2 one h a s e x p l i c i t l y 
= . i > ( 4 - u b ) 
Combining E q u a t i o n s (4 - loVf and ( 4 - 1 1 ) , one o b t a i n s f i n a l l y 
x ( ^ L o o U i 0 > A ( X L m , N t I i A f I J , ( 4 - 1 2 ) 
where 
A (A L m , A L £L A f l f ) = < L I - m o | X - m > < & L A L m | ^ A4 > (- i f " \ t z 
- f T < L ! l-m -\\\ -m><4, L A- - i * m | ^ > o 2 i / ^ o £ ^ . ( 4 - 1 3 ) 
O p e r a t o r T ^ ^ p ^ 
By d e f i n i t i o n , T ; ^ 0 ? > p ) may b e w r i t t e n a s 
T A L m ( p ) , ^ ~ < I L - m ' mV m | A m > ^ L m W ( ? ) \j ^ ) • 
I n s p h e r i c a l b a s i s , \L1 , ( p ) i s t h e form 
c i,, -m 
Thus 
T A U m C ? , ? ) = - H ^ ) ' • 4 ^ < ^ - ^ ^ H ^ - > 5 > i L ^ m ( ? , V - W ' ( 4 - 1 4 ) 
kk 
L a t e r , t h e f o l l o w i n g g r a d i e n t f o r m u l a w i l l b e needed. : 
where 3X.(J) = A_ ^ D + « ) = A + J + L . 
The m a t r i x e l e m e n t f o r T , . (r*,p^ can b e e v a l u a t e d a s f o l l o w s : 
= ^ ( ^ / ^ a ^ A L a ^ A ^ ]T"<» L m V m | X m > 
L e t t i n g V o p e r a t e on t h e r i g h t s i d e , one h a s ( E q u a t i o n ( 4 - 1 5 ) ) 
A f t e r some s i m p l i f i c a t i o n , t h e r i g h t s i d e of E q u a t i o n ( 4 - l 6 ) r e a d s 
- 1 ^ E H S ^ ^ A ^ ^ ^ I c } _ < ' L m V m l X m ) 
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* ^ 0 L -YD* m + m | A m ) ( l L -m' nr>Vm|<£ rn} 
- [ • e 1 c ^ - > ) ] v l ( ? L t < - t ; - i ^ o O 1 L O > w ( - e ; i ^ L . - e . - ' t ) ] . (k-n) 
The sum o v e r m/ i n E q u a t i o n ( 4 - 1 7 ) y i e l d s 8 ^ . One t h e n sums o v e r 
& and o b t a i n s 
- [ ^ C ^ - 0 ] y T L + < ^ ~ l ^ o o | L o > W ( * l ^ L , X ) ] 
where 
O p e r a t o r ^ ^ ( r ) ? ' ? 
From t h e d e f i n i t i o n of t h e s c a l a r p r o d u c t , one may w r i t e 
v ? ) ? - ? = Y c ' ° m ' ^ ( ? ) ^ p - - ; 
The m a t r i x e l e m e n t f o r ^ ^ ( r ^ S - p 3 " i s t h e n w r i t t e n 
i-,f ( 4 - 2 0 ) 
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The i n t e g r a t i o n of E q u a t i o n ( 4 - 2 0 ) may be c a r r i e d o u t i n a s t r a i g h t ­
f o r w a r d manner ; < u s i n g E q u a t i o n . (4-19) a n - ; i t h e r e s u l t s o b t a i n e d e a r l i e r , 
t h e r i g h t - h a n d s i d e of E q u a t i o n ( 4 - 2 0 ) t h e n becomes 
- ( ^ j ^ A o o | V » o > < - e r ! i Arm' m | - t £ A i > < ^ - i X A r ™ ' ™ I V S > 
* { ( T ^ T ) ^ X O O 1 0> < { ; + | I A f l^rZ, ZflL |-CcA t> 
x < < £ + l X A r I f + Z ; m | ^ A + > 
o r f i n a l l y : 
where 
+ • ^ ( ^ ± 1 I AL+l - l | ^ A t > < ^ t I X A Lt! N ^ l i i ^ . - x 
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. The e x p r e s s i o n ( 4 - 2 1 ) may a l s o h e w r i t t e n i n t e r m s o f Raeah • >-
c o e f f i c i e n t s . One t h e n h a s 
o r 
where 
+ V I < A l - m - m - i > < * f { A^ - W H ^ A I ) S ^ S ^ . i . 
- R < X l - m i | * - ^ + i > < ^ £ A* - m + i l f c A ^ S , S , . ( 4 - 2 5 ) 
I n t h i s form t h e sum o v e r Z i s r a t h e r cumbersome, b u t t h e r a d i a l - d e p e n d e n t 
p a r t can b e f a c t o r e d o u t . I t i s p a r t i c u l a r l y s i m p l e when A=0 which c o r ­
r e s p o n d s t o T h i s m a t r i x e l e m e n t , i s f r e q u e n t l y e n c o u n t e r e d . I n 
t h i s c a s e t h e sum o v e r Z c an b e c a r r i e d o u t , h e n c e 
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- ( t & r ) C k - ^ ] C Co i o , A t s ^ r , ) , ( 4 - 2 6 ) 
where 
O p e r a t o r T, _ (~Y,? x jp) 
AJJTL 
One w r i t e s a s u s u a l 
T A L m ( " > r x p ) = ) _ <l L - rn ' m W | A m > \ | L r n V m ( r ) c t j | ^ X ^ x . 
How U , , . m , ( ? * i ? > = ( ^ ) V * ? > - « ' = i . ( S ) * T „ , , m ' ( < ? , ? ) • 
Then a g a i n , by d e f i n i t i o n 
m " 
and T^ T ( ? . c? x p ) t a k e s t h e f i n a l form 
W ? i ? x ? ) = ^ ^ < I L - m ' m W | \ m > < l I -m* m ' i m | l -m'> 
m' >m < ' 
" M L , m v J ? ^ | > m W ( ? ) V . m . • ( 4 - 2 8 ) 
The m a t r i x e l e m e n t f o r 1 \ T ( 7 , ? x p^ i s e v a l u a t e d a s f o l l o w s : 
Aim 
< X n J W ( ? , ? * ? > I X i U > = c i e c A i a < A ^ < I L - m ' m U | X m > 
f 1 fen* 
h9 
A f t e r i n t e g r a t i o n s , t h e r i g h t - h a n d s i d e of E q u a t i o n ( 4 - 2 9 ) r e a d s 
= f i * A * 1 *i to I H X * M M - + ) M I ' M ) 
* { [ ( t ; + m 4 < ^ l A ° ° I L °W(J(I 
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The f i n a l e x p r e s s i o n f o r t h e m a t r i x e l e m e n t f o r T ^ . n ( r * , c ? x p ) i s 
- [ k ( M - i E \ i r ' A o o l L o > W f c ' 4 L j f r ' J ) 0 J > ( X 




NILSSON MODEL DESCRIPTION OF NUCLEAR LEVELS 
F o r t h e u n i f i e d model of t h e n u c l e u s , t h e a p p r o p r i a t e l y s y m m e t r i z e d 
t o t a l n u c l e a r wave f u n c t i o n f o r s t r o n g l y deformed n u c l e i h a s t h e form 
I t h a s "been assumed t h a t t h e r e i s r o t a t i o n a l symmetry a r o u n d t h e i n ­
t r i n s i c n u c l e a r a x i s and r e f l e c t i o n symmetry t h r o u g h a p l a n e p e r p e n ­
d i c u l a r t o t h i s a x i s . T h i s wave f u n c t i o n i s c h a r a c t e r i z e d by " the quan­
tum numbers J ,M,K and 0, . I n t h i s c h a p t e r t h e d e t e r m i n a t i o n o f t h e 
a p p r o p r i a t e quantum numbers and c o r r e s p o n d i n g wave f u n c t i o n f o r a p a r ­
t i c u l a r n u c l e a r l e v e l w i l l b e d i s c u s s e d . 
C h a r a c t e r i s t i c s of T o t a l N u c l e a r Wave F u n c t i o n 
F i r s t , t h e form of t h e t o t a l n u c l e a r wave f u n c t i o n and t h e d e f i n i ­
t i o n s of t h e a p p r o p r i a t e quantum numbers w i l l b e b r i e f l y d i s c u s s e d . 
<I>vib ^ e s c r i f r e s " v i b r a t i o n s of t h e n u c l e u s a r o u n d i t s e q u i l i b r i u m 
(17) 
s h a p e . However, t h r o u g h o u t h i s i n v e s t i g a t i o n , N i l s s o n assumes t h a t 
t h e n u c l e u s i s a l w a y s i n t h e v i b r a t i o n a l g r o u n d s t a t e . The same a s s u m p ­
t i o n i s made i n t h e p r e s e n t i n v e s t i g a t i o n . T h e r e f o r e D e s e t 
e q u a l t o 1 . 
^MK P r e s e i T k s ^ e c o l l e c t i v e r o t a t i o n a l m o t i o n of t h e n u c l e u s a s a 
w h o l e . S i n c e t h e n u c l e u s h a s an a x i s of symmetry,, t h e r o t a t i o n a l m o t i o n 
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i s p a r t i c u l a r l y s i m p l e and i s c h a r a c t e r i z e d b y t h e quantum numbers J , M, 
and K. The mean ing of J , M, and K i s I l l u s t r a t e d i n F i g u r e 1 ( p . 1 9 ) . 
The t o t a l a n g u l a r momentum J i s t h e sum of R , t h e a n g u l a r momentum 
=* 
g e n e r a t e d by t h e c o l l e c t i v e m o t i o n of t h e n u c l e u s and j t h e a n g u l a r 
momentum due t o t h e i n t r i n s i c m o t i o n of t h e n u c l e o n s , The quantum num­
b e r s M, and K r e p r e s e n t t h e t o t a l a n g u l a r momentum, i t s p r o j e c t i o n 
a l o n g t h e s p a c e f i z e d a x i s (Oz) and i t s p r o j e c t i o n a l o n g t h e n u c l e a r 
symmetry a x i s ( O z ! ) , r e s p e c t i v e l y . 
X^ r e p r e s e n t s t h e i n t r i n s i c m o t i o n , which can b e e x p r e s s e d i n t e r m s 
of t h e m o t i o n of i n d i v i d u a l p a r t i c l e s i n a s t a t i o n a r y deformed f i e l d . 
I n t h e c o u p l i n g scheme a p p r o p r i a t e f o r l a r g e d e f o r m a t i o n s t h e i n d i v i d u a l 
n u c l e o n s move i n d e p e n d e n t l y I n t h e deformed n u c l e a r f i e l d . In t h i s c a s e , 
t h e i n t r i n s i c m o t i o n i s c h a r a c t e r i z e d b y . t h e c o n s t a n t s of m o t i o n fi^, 
t h e component of t h e a n g u l a r momentum j „ of e ach n u c l e o l i a l o n g t h e 
i 
—> 
n u c l e a r symmetry a x i s , O z ' • j , t h e t o t a l i n t r i n s i c a n g u l a r momentum, i s 
n o t a c o n s t a n t of t h e m o t i o n , t hough i t s component a l o n g Oz' i s a good 
quantum number and i s d e n o t e d b y Q , where Q~.Z£2„° 'As a c o n s e q u e n c e , 
' i 1 
t h e t o t a l i n t r i n s i c wave f u n c t i o n , X„, i s s i m p l y t h e a n t i s y m m e t r i z e d 
u 
p r o d u c t of i n d i v i d u a l - p a r t i c l e wave f u n c t i o n s X when t h e n u c l e o n s i n 
" i 
q u e s t i o n a r e i d e n t i c a l . X ^ i s t h e N i l s s o n s i n g l e - p a r t i c l e wave f u n c t i o n 
a p p r o p r i a t e f o r t h e i t h n u c l e o n . A p a r t from a c c i d e n t a l d e g e n e r a c i e s , t h e 
s t a t e s a r e d o u b l y d e g e n e r a t e ( c o r r e s p o n d i n g t o + & ) . 
I n E q u a t i o n t h e p h a s e ( - 1 ) M i s t h o u g h t of a s a m a t r i x 
when j , t h e a n g u l a r momentum of t h e i t h p a r t i c l e , i s n o t a c o n s t a n t of 
t h e m o t i o n . The n o r m a l i z a t i o n f a c t o r comes f rom t h e n o r m a l i z a t i o n of t h e 
J 
r o t a t i o n a l wave f u n c t i o n s , 
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I n t h e v i b r a t i o n a l g round s t a t e , i s p e r p e n d i c u l a r t o Oz 7 and t h e r e 
f o r e fi=K . S i n c e fi( = fi^) i s d e t e r m i n e d by t h e i n t r i n s i c s t a t e of t h e n u ­
c l e u s , K i s e n t i r e l y a p r o p e r t y of t h e i n t r i n s i c m o t i o n i n t h i s s i t u a ­
t i o n . T h i s s i m p l i f i c a t i o n (fi=K) e x i s t s t h r o u g h o u t t h e p r e s e n t i n v e s i t g a -
t i o n . 
The W i l s s o n model i s e x p e c i e d t o p r o v i d e a v a l i d d e s c r i p t i o n of 
n u c l e a r p r o p e r t i e s i n r e g i o n s of t h e a t o m i c c h a r t where t h e r e a r e s u f ­
f i c i e n t p a r t i c l e s o u t s i d e of c l o s e d s h e l l s t o c a u s e t h e n u c l e a r s h a p e t o 
d e v i a t e a p p r e c i a b l y from s p h e r i c a l symmetry . These r e g i o n s a r e r o u g h l y 
A"*25, 150 < A < 190 , and A > 200 . T h e r e f o r e , i t s h o u l d b e p o s s i b l e t o 
d e s c r i b e t h e g r o u n d s t a t e and e x c i t e d l e v e l s of n u c l e i i n t h i s r e g i o n 
w i t h wave f u n c t i o n s h a v i n g t h e form of E q u a t i o n ( 5 - 1 ) M o t t e l s o n and 
(22) 
N i l s s o n ^ J h a v e p r e d i c t e d t h e a p p r o p r i a t e K i l s s o n model d e s c r i p t i o n f o r 
t h e e x p e r i m e n t a l l y o b s e r v e d e n e r g y l e v e l s of odd-A n u c l e i i n t h e s e r e g i o n s 
G a l l a g h e r and S o l o v i e r ^ ' h a v e made a s i m i l a r a n a l y s i s f o r even-A n u c l e i . 
G e n e r a l l y s p e a k i n g , each e n e r g y l e v e l of a p a r t i c u l a r n u c l e u s i s c h a r a c ­
t e r i z e d a s b e i n g a c e r t a i n i n t r i n s i c s t a t e w i t h c o r r e s p o n d i n g quantum num­
b e r fi. A s s o c i a t e d w i t h e a c h i n t r i n s i c s t a t e t h e r e i s a r o t a t i o n a l b a n d . 
The e n e r g y l e v e l s of a r o t a t i o n a l b a n d a r e a l l r e p r e s e n t e d b y t h e same i n ­
t r i n s i c s t a t e and t h e r e f o r e h a v e t h e same fi a n d K ( s i n c e K=fi) <> However, 
t h e l e v e l s i n a g i v e n b a n d w i l l h a v e d i f f e r e n t J v a l u e s . 
I n t h e f o l l o w i n g s e c t i o n s t h e d e t e r m i n a t i o n of t h e a p p r o p r i a t e 
N i l s s o n model d e s c r i p t i o n of a p a r t i c u l a r n u c l e a r l e v e l i s d i s c u s s e d . 
The d e t e r m i r i a t i o n of t h e i n t r i n s i c s t a t e of a l e v e l w i l l b e d i s c u s s e d 
f i r s t f o r g r o u n d s t a t e s and t h e n f o r e x c i t e d s t a t e s . A d i s c u s s i o n o f t h e 
r o t a t i o n a l quantum numbers ( j , M and K) a s s o c i a t e d w i t h a p a r t i c u l a r i n ­
t r i n s i c s t a t e w i l l t h e n b e p r e s e n t e d o 
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D e s c r i p t i o n of I n t r i n s i c Ground S l a t e s , 
The a p p r o p r i a t e i n t r i n s i c s t a t e and t h e c o r r e s p o n d i n g v a l u e of ft 
f o r a p a r t i c u l a r n u c l e a r l e v e l i s d e t e r m i n e d i n t h e f o l l o w i n g manner* 
The component of a n g u l a r momentum a l o n g t h e symmetry a x i s ; fl^ i s a 
c o n s t a n t of t h e m o t i o n f o r e a c h p a r t i c l e and t h e t o t a l ft e q u a l s Eft^. 
Each N i l s s o n s i n g l e - p a r t i c l e e n e r g y s t a t e i s d e g e n e r a t e c o r r e s p o n d i n g 
t o + ft^. S i n c e t h e n u c l e u s c o n t a i n s two g r o u p s " a " and " b " of e q u i v a l e n t 
p a r t i c l e s - n e u t r o n s and p r o t o n s - i t i s assumed t h e p a r t i c l e s of e a c h 
g roup f i l l p a i r w i s e i n t h e l e v e l s i n d e p e n d e n t l y of t h e o t h e r g r o u p . I n 
t h i s s i t u a t i o n each g roup of p a r t i c l e s w i l l b e i n d e p e n d e n t l y c h a r a c t e r i z e d 
b y a v a l u e of Q ( e i t h e r o r o b t a i n e d b y summing o v e r t h e p a r t i c l e s 
i n t h e g r o u p . 
Now f o r t h e g round s t a t e of a p a r t i c u l a r n u c l e u s t h e f o l l o w i n g a s -
(17 ) 
s u m p t i o n s a r e made by N i l s s o n ^ . I f t h e number of p a r t i c l e s i n g roup 
" a " i s e v e n , t h e ft^ v a l u e s f o r t h e i n d i v i d u a l p a r t i c l e s c a n c e l b y p a i r s 
so t h a t = 0 . I f t h e number of p a r t i c l e s i n g roup " a " i s odd, ft^ 
e q u a l s t h e ft^ of t h e l a s t u n p a i r e d p a r t i c l e « The N i l s s o n s i n g l e -
p a r t i c l e i n t r i n s i c s t a t e a l o n g w i t h I t s v a l u e of fti f o r t h e l a s t u n ­
p a i r e d p a r t i c l e a r e d e t e r m i n e d a s f o l l o w s . N i l s s o n h a s p l o t t e d t h e 
s i n g l e - p a r t i c l e i n t r i n s i c e n e r g y l e v e l s a s a f u n c t i o n of t h e d e f o r m a ­
t i o n f o r bOth n e u t r o n s and p r o t o n s . The p r o p e r i n t r i n s i c l e v e l I s 
found b y p l a c i n g two p a r t i c l e s t o a l e v e l on t h e a p p r o p r i a t e e n e r g y 
l e v e l d i a g r a m u n t i l t h e l e v e l f o r t h e l a s t p a r t i c l e i s r e achedo I n 
t h e above s i t u a t i o n t h e t o t a l ft f o r t h e n u c l e u s becomes 
XL = | l U + J M ( 5 - 2 ) 
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Odd-Mass N u c l e i 
The p r o p e r d e s c r i p t i o n of i n t r i n s i c s t a t e s f o r odd-mass n u c l e i h a s 
(22) 
b e e n c o n s i d e r e d b y M o t t e l s o n and N i l s s o n J . 
F o r t h e g r o u n d s t a t e of an odd-mass n u c l e u s M o t t e l s o n and N i l s s o n 
s u g g e s t an i n t r i n s i c s t a t e X^ t h a t i s s i m p l y t h e N i l s s o n s i n g l e -
p a r t i c l e s t a t e a p p r o p r i a t e f o r t h e odd p a r t i c l e . As d e s c r i b e d a b o v e , 
t h e p r o p e r s i n g l e - p a r t i c l e s t a t e f o r t h e odd p a r t i c l e i s found b y a d d i n g 
p a r t i c l e s p a i r w i s e on t h e e n e r g y l e v e l d i a g r a m . I n t h i s s i t u a t i o n 0, 
e q u a l s t h e ft o f t h e s i n g l e - p a r t i c l e s t a t e of t h e odd p a r t i c l e . 
Th roughou t t h e p r e s e n t i n v e s t i g a t i o n , s i n g l e - p a r t i c l e N i l s s o n s t a t e s 
a 're u s e d t o d e s c r i b e t h e i n t r i n s i c s ' t a^es of odd-mass n u c l e i f o r b o t h 
g r o u n d arid, e x c i t e d s t a t e s . 
BSBBB-MBJBJI, J u c l e i 
' o 
The d e t e r m i n a t i o n of t h e p r o p e r i n t r i n s i c s t a t e r e p r e s e n t a t i o n f o r 
even -mass n u c l e i h a s b e e n c o n s i d e r e d b y G a l l a g h e r ^ ' „ G a l l a g h e r s u g ­
g e s t s t h a t f o r mos t p u r p o s e s t h e g round s t a t e s of even -mass n u c l e i can 
b e c h a r a c t e r i z e d b y t w o - p a r t i c l e i n t r i n s i c s t a t e s . I n t h i s s i t u a t i o n , 
t h e X_^ of E q u a t i o n ( 5 - l ) a r e p r o d u c t s of two N i l s s o n s i n g l e - p a r t i c l e 
s t a t e s : 
( 5 - 3 a ) 
(5-333) 
The s i g n of i s d e t e r m i n e d by t h e c o u p l i n g of t h e p a r t i c l e s . The 
s u b s c r i p t s 1 and 2 i n d i c a t e t h a t t h i s g e n e r a l form a p p l i e s t o n e u t r o n -
p r o t o n , p r o t o n - p r o t o n , and p r o t o n - n e u t r o n s y s t e m s . Th roughou t t h e p r e s e n t 
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i n v e s t i g a t i o n t w o - p a r t i c l e i n t r i n s i c s t a t e s a s p r o p o s e d by G a l l a g h e r a r e 
u s e d t o d e s c r i b e b o t h t h e g round ( and e x c i t e d s t a t e s of even -mass n u c l e i , , 
Odd-Odd N u c l e i a F o r t h e g round s t a t e of an odd-odd n u c l e u s t h e 
t w o - p a r t i c l e i n t r i n s i c s t a t e s u g g e s t e d b y G a l l a g h e r i s formed by c o u p l i n g 
t h e a p p r o p r i a t e N i l s s o n s i n g l e - p a r t i c l e s t a t e s f o r t h e odd p r o t o n a n d 
t h e odd n e u t r o n . The Nils-son-; s i n g l e - p a r t i c l e s t a t e s f o r each p a r t i c l e 
a r e d e t e r m i n e d , f rom t h e c o r r e s p o n d i n g e n e r g y l e v e l d i a g r a m s i n t h e same 
manner a s f o r t h e odd p a r t i c l e i n a n . o d d - m a s s n u c l e u s „ The I n t r i n s i c 
wave f u n c t i o n w i l l have t h e form g i v e n b y E q u a t i o n (5-3&)» 
= X n p W > ( 5 - 4 ) 
where t h e s i g n of i s d e t e r m i n e d from t h e c o u p l i n g which i s a p ­
p l i c a b l e t o the- p a r t i c u l a r c a s e . 
The c o r r e s p o n d i n g v a l u e of Q, f o r t h e g r o u n d s t a t e of a n odd-odd 
n u c l e u s w i l l h a v e t h e form g i v e n by E q u a t i o n ( 5 - 2 ) 
I X ^ i x i p t n j , ( 5 - 5 ) 
where fi^ and Q,^ c h a r a c t e r i z e t h e N i l s s o n s i n g l e - p a r t i c l e s t a t e ' s of t h e 
odd p r o t o n and t h e odd n e u t r o n , r e s p e c t i v e l y . Note t h a t f o r t h e p r o t o n -
n e u t r o n s y s t e m , two i n t r i n s i c s t a t e s a r e p o s s i b l e , c o r r e s p o n d i n g t o t h e 
p a r a l l e l o r a n t i p a r a l l e l o r i e n t a t i o n of t h e t o t a l a n g u l a r momenta of t h e 
two p a r t i c l e s a l o n g t h e symmetry a x i s * I t i s n e c e s s a r y t o d e t e r m i n e 
which of t h e two i n t r i n s i c s t a t e s g i v e n b y E q u a t i o n s ( 5 - 4 ) and ( 5 - 5 ) 
a c t u a l l y r e p r e s e n t t h e g round s t a t e of a p a r t i c u l a r odd-odd n u c l e u s . 
G a l l a g h e r and M o s z k o w s k i ^ ^ h a v e shown t h a t e m p i r i c a l e v i d e n c e i n d i c a t e s 
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t h a t t h e g round s t a t e i s t h e one i n wh ich t h e i n t r i n s i c s p i n s ( d e n o t e d 
by t h e quantum number Z i n E q u a t i o n ( 2 - ^ 9 d ) ) of t h e p a r t i c l e s c o u p l e 
p a r a l l e l . 
Even-Even N u c l e i . The g round s t a t e of a n e v e n - e v e n n u c l e u s c o n ­
s i s t s of p a i r s of n u c l e o n s c o u p l e d t o s p i n z e r o . I n t h i s s i t u a t i o n 
Q=0. I f a t w o - p a r t i c l e i n t r i n s i c s t a t e i s used, t o d e s c r i b e t h e n u c l e u s 
o n l y one p a i r of p a r t i c l e s can b e r e p r e s e n t e d i n t h e wave f u n c t i o n . The 
p a i r c h o s e n f o r r e p r e s e n t a t i o n I s g e n e r a l l y t h e p a i r i n v o l v e d I n t h e 
p a r t i c u l a r c a l c u l a t i o n u n d e r c o n s i d e r a t i o n . F o r a p r o t o n p a i r i n t h e 
g r o u n d s t a t e of an e v e n - e v e n n u c l e u s t h e i n t r i n s i c wave f u n c t i o n I s 
S i n c e i d e n t i c a l p a r t i c l e s a r e r e p r e s e n t e d i n t h e wave f u n c t i o n , t h e s u p e r ­
s c r i p t s a r e n e c e s s a r y t o d i s t i n g u i s h b e t w e e n t h e two p a r t i c l e s ? 
F o r s i t u a t i o n s where t h e wave f u n c t i o n i s r e q u i r e d t o b e f u l l y sym­
m e t r i z e d , t h e i n t r i n s i c wave f u n c t i o n f o r t h e p r o t o n p a i r becomes 
F o r a n e u t r o n p a i r i n t h e g r o u n d s t a t e of an e v e n - e v e n n u c l e u s , t h e i n ­
t r i n s i c wave f u n c t i o n w i l l have t h e same form a s f o r a p r o t o n p a i r w i t h 
0, r e p l a c i n g 0, . A 
n P 
As an example of a t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n c h o s e n t o 
r e p r e s e n t t h e g round s t a t e of an e v e n - e v e n n u c l e u s c o n s i d e r t h e f o l l o w i n g . 
Suppose i t i s d e s i r e d t o c a l c u l a t e t h e m a t r i x e l e m e n t s f o r a [3 t r a n s i t i o n 
( 5 - 6 ) 
( 5 - 7 ) 
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from t h e i n t r i n s i c g round s t a t e of an o d d - o d d n u c l e u s t o t h e i n t r i n s i c 
g r o u n d s t a t e of an e v e n - e v e n n u c l e u s . I n t h i s s i t u a t i o n a n e u t r o n I s 
t r a n s f o r m e d i n t o a p r o t o n . I n o r d e r t o make t h e c a l c u l a t i o n , t h e t r a n s ­
fo rming p a r t i c l e must o b v i o u s l y b e r e p r e s e n t e d - i n t h e i n i t i a l and f i n a l 
n u c l e a r wave f u n c t i o n s . T h e r e f o r e t h e p r o t o n p a i r which I n c l u d e s t h e 
t r a n s f o r m i n g n u c l e o n a s a member mus t b e r e p r e s e n t e d i n t h e f i n a l wave 
f u n c t i o n o 
D e s c r i p t i o n of I n t r i n s i c E x c i t e d S t a t e s 
Odd-Mass N u c l e i 
Now, c o n s i d e r t h e p o s s i b i l i t y of d e s c r i b i n g t h e e x c i t e d e n e r g y l e v e l s 
of ' s t r o n g l y deformed n u c l e i i n t e r m s of t h e N i l s s o n m o d e l . M o t t e l s o n 
f 221 
and N i l s s o n ^ ' h a v e s u g g e s t e d t h a t t h e e x c i t e d e n e r g y l e v e l s of odd-mass 
n u c l e i can b e i n t e r p r e t e d a s e x c i t e d s i n g l e - p a r t i c l e I n t r i n s i c s t a t e s . 
As u s u a l , t h e r e i s a r o t a t i o n a l b a n d a s s o c i a t e d w i t h each I n t r i n s i c e x -
c e t e d s t a t e . M o t t e l s o n and N i l s s o n d e s c r i b e t h e i n t r i n s i c e x c i t e d 
s t a t e s a s t h e s i n g l e - p a r t i c l e N i l s s o n s t a t e of t h e odd p a r t i c l e s . T h i s 
i s e s s e n t i a l l y t h e same p r o c e d u r e t h a t i s u s e d f o r t h e i n t r i n s i c g round 
s t a t e s of odd-mass n u c l e i e x c e p t f o r t h e f o l l o w i n g d i f f e r e n c e . F o r t h e 
i n t r i n s i c g round s t a t e s i t i s g e n e r a l l y assumed t h a t t h e odd p a r t i c l e 
o c c u p i e s t h e f i r s t a v a i l a b l e N i l s s o n s t a t e . However, t h e i n t r i n s i c 
e x c i t e d l e v e l s a r e g e n e r a l l y due t o t h e odd p a r t i c l e o c c u p y i n g a N i l s s o n 
s t a t e h i g h e r up -on t h e a p p r o p r i a t e e n e r g y l e v e l d i a g r a m . 
Even-Mass N u c l e i 
G a l l a g h e r and S o l o v i e v x J h a v e d i s c u s s e d t h e N i l s s o n model d e ­
s c r i p t i o n of t h e e x c i t e d e n e r g y l e v e l s of even -mass n u c l e i . They 
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s u g g e s t t h a t t h e e x c i t e d l e v e l s of many - s t r o n g l y deformed even -mass 
n u c l e i can h e i n t e r p r e t e d a s t w o - p a r t i c l e i n t r i n s i c e x c i t a t i o n s . F o r 
odd-odd n u c l e i t h e i n t r i n s i c e x c i t e d s t a t e s a r e i n t e r p r e t e d a s b e i n g 
p r o t o n - n e u t r o n s t a t e s formed by c o u p l i n g t h e N i l s s o n s i n g l e - p a r t i c l e 
s t a t e s of t h e odd p r o t o n and t h e odd n e u t r o n . T h i s i s e s s e n t i a l l y t h e 
same a s t h e s i t u a t i o n t h a t e x i s t s f o r t h e i n t r i n s i c g r o u n d s t a t e s of 
odd-odd n u c l e i . T h e r e f o r e , t h e i n t r i n s i c wave f u n c t i o n s , X , and i t s 
c o r r e s p o n d i n g v a l u e of fi w i l l s t i l l b e g i v e n by E q u a t i o n s ( 5 - 4 ) and 
r e s p e c t i v e l y . However, f o r t h e I n t r i n s i c g round s t a t e i t i s 
g e n e r a l l y assumed t h a t t h e p r o t o n and n e u t r o n occupy t h e l o w e s t e n e r g y 
a v a i l a b l e N i l s s o n s t a t e s and c o u p l e w i t h t h e i r I n t r i n s i c s p i n s p a r a l l e l . 
I n t r i n s i c e x c i t e d s t a t e s a r e formed by c h a n g i n g t h e c o u p l i n g of t h e 
two p a r t i c l e s or by p l a c i n g one o r b o t h p a r t i c l e s i n h i g h e r e n e r g y 
N i l s s o n s t a t e s . 
G a l l a g h e r and S o l o v i e v have d e s c r i b e d the . i n t r i n s i c e x c i t e d s t a t e s of 
e v e n - e v e n n u c l e i a s p r o t o n - p r o t o n o r n e u t r o n - n e u t r o n e x c i t a t i o n s . I n 
t h i s s i t u a t i o n , a l l o f t h e n u c l e o n s do n o t c o u p l e "by p a i r s t o p r o d u c e 
fi = O.a's t h e y do f o r t h e i n t r i n s i c g round s t a t e of an e v e n - e v e n n u c l e u s . 
F o r a p r o t o n - p r o t o n e x c i t a t i o n t h e l a s t two p r o t o n s do n o t p a i r o f f b u t 
go i n t o d i f f e r e n t a v a i l a b l e N i l s s o n s t a t e s . As u s u a l , t h e u s e of a t w o -
p a r t i c l e i n t r i n s i c wave f u n c t i o n means t h a t t h e N i l s s o n s t a t e s of o n l y 
two p a r t i c l e s can b e r e p r e s e n t e d i n t h e wave f u n c t i o n . F o r a p r o t o n -
p r o t o n e x c i t a t i o n , i t would a p p e a r t h a t t h e two u n p a i r e d p r o t o n s mus t b e 




E q u a t i o n ( 5 - 9 ) i s a p p l i c a b l e i f t h e wave f u n c t i o n , must h e f u l l y sym­
m e t r i z e d . D, i s no l o n g e r z e r o a s i n t h e g r o u n d s t a t e b u t i s , 
H = | n ' f i H r I . ( 5 - 1 0 ) 
F o r a n e u t r o n - n e u t r o n i n t r i n s i c e x c i t e d s t a t e I n an e v e n - e v e n n u c l e u s 
t h e s i t u a t i o n i s s i m i l a r t o t h e p r o t o n - p r o t o n e x c i t a t i o n w i t h ft^ and 
f l H , r e p l a c i n g and fl^ f i n E q u a t i o n s ( 5 - 8 ) , ( 5 - 9 ) and ( 5 ~ 1 0 ) . 
F o r t h e c a l c u l a t i o n of b e t a d e c a y m a t r i x e l e m e n t s f o r t r a n s i ­
t i o n s t o i n t r i n s i c e x c i t e d s t a t e s of e v e n - e v e n n u c l e i t h e f o l l o w i n g 
s i t u a t i o n ex i s t s< , The t w o - p a r t i c l e p r o t o n - p r o t o n and n e u t r o n - n e u t r o n 
wave f u n c t i o n s d i s c u s s e d above a r e a p p l i c a b l e f o r a p t r a n s i t i o n t o a 
+ 
p r o t o n - p r o t o n e x c i t e d s t a t e of a p t r a n s i t i o n t o a n e u t r o n - n e u t r o n ex­
c i t e d s t a t e . However, t h e y a r e n o t a p p l i c a b l e f o r a f3" t r a n s i t i o n t o 
+ 
a n e u t r o n - n e u t r o n e x c i t e d s t a t e of a |3 t r a n s i t i o n t o a p r o t o n - p r o t o n 
e x c i t e d s t a t e . T h i s i s due t o t h e f a c t t h a t i n o r d e r t o c a l c u l a t e t h e 
m a t r i x e l e m e n t s t h e t r a n s f o r m i n g p a r t i c l e must b e r e p r e s e n t e d i n t h e 
f i n a l n u c l e a r wave f u n c t i o n 0 
D e s c r i p t i o n of R o t a t i o n a l Mot ion 
F o r t h e u n i f i e d model of t h e n u c l e u s t h e r e i s a r o t a t i o n a l b a n d a s ­
s o c i a t e d w i t h each i n t r i n s i c s t a t e . T h e r e f o r e , t h e s t a t e s i n a r o t a t i o n a l 
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band a r e c h a r a c t e r i z e d b y t h e same I n t r i n s i c wave f u n c t i o n and t h e same 
v a l u e of Q . The e x i s t e n c e of t h e n u c l e a r symmetry a x i s I m p l i e s t h a t 
K, t h e component' of t h e t o t a l a n g u l a r momentum a l o n g t h e symmetry a x i s , 
i s a c o n s t a n t f o r e ach r o t a t i o n a l band . The c o n d i t i o n t h a t t h e . n u c l e u s 
i s i n t h e v i b r a t i o n a l g round s t a t e p r e v a i l s t h r o u g h o u t t h e p r e s e n t i n ­
v e s t i g a t i o n . T h e r e f o r e , K=fi . Hence , a d e t e r m i n a t i o n of t h e i n t r i n s i c 
s t a t e of a p a r t i c u l a r n u c l e a r l e v e l e s t a b l i s h e s t h e v a l u e of fi and K 
f o r a l l l e v e l s - i n t h e a s s o c i a t e d r o t a t i o n a l band.., 'The symmetry of t h e 
n u c l e u s w i t h r e s p e c t t o r e f l e c t i o n I n a p l a n e p e r p e n d i c u l a r t o t h e s y n -
m e t r y a x i s means t h a t t h e r o t a t i o n a l m o t i o n a l w a y s h a s even p a r i t y . 
T h e r e f o r e t h e p a r i t y of a l l t h e s t a t e s i n a r o t a t i o n a l band, i s t h e 
same and i s e q u a l t o t h e p a r i t y of t h e i n t r i n s i c s t a t e -
The s t a t e s i n a r o t a t i o n a l band a r e c h a r a c t e r i z e d b y t h e same v a l u e 
of fi and K, b u t t h e y h a v e d i f f e r e n t a a l u e s of J . F o r an odd-mass n u c l e u s 
K i s a p o s i t i v e , h a l f o d d - i n t e g e r and f o r t h e s t a t e s of t h e r o t a t i o n a l 
band J may t a k e onithe v a l u e s 
J=K, K+l , K+2, o ! e o ( 5 - 1 1 ) 
F o r t h e g round s t a t e of an e v e n - e v e n n u c l e u s K=0 and s y m m e t r i z a t i o n 
of t h e wave f u n c t i o n l i m i t s t h e r o t a t i o n a l b a n d t o 
J = 0 , 2 , 4 , 6 , 0 0 , 0 . • ( 5 - 1 2 a ) 
F o r odd-odd n u c l e i and f o r i n t r i n s i c e x c i t e d s t a t e s of e v e r H ^ ^ m n u c l e i 
w i t h K / 0 , K I s a p o s i t i v e i n t e g e r and t h e r o t a t i o n a l s e q u e n c e i s 
J=K, K+l , K+2 coo . ( 5 - 1 2 b ) 
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CHAPTER VI 
REDUCED MATRIX ELEMENTS 
FOR ODD-MASS NUCLEI IN BETA DECAY 
F o r "both even-A and odd-A n u c l e i t h e t o t a l n u c l e a r wave f u n c t i o n 
of t h e u n i f i e d model h a s t h e g e n e r a l form g i v e n i n C h a p t e r V, E q u a t i o n 
( 5 - l ) . I n t h e p r e s e n t c h a p t e r t h e d e r i v a t i o n of t h e "beta, d e c a y r e d u c e d 
m a t r i x e l e m e n t s f o r odd-A n u c l e i i s made, u s i n g t h e wave f u n c t i o n ( 5 - 1 ) 
i n which i s s e ^ e q u a l t o 1 and X^ i s t h e s i n g l e - p a r t i c l e i n t r i n ­
s i c wave f u n c t i o n of t h e form 
X I L - ^ CLlh\h\lM.y u o l t k A+X. > ( 6 - l a ) 
and C ^ K G " ( -~° " * Y . 1 H l " N ~ Z > * ( 6 - l h ) 
1 A 
S i n c e X^ i s t a k e n a s a s i n g l e - p a r t i c l e wave f u n c t i o n r e p r e s e n t i n g 
t h e odd t r a n s f o r m i n g n u c l e o n , t h e e x p r e s s i o n s d e r i v e d i n t h i s c h a p t e r 
a r e r e s t r i c t e d t o p and (3 d e c a y s of odd-N and odd-Z n u c l e i , 
r e s p e c t i v e l y . I n t h e ((3*°) d e c a y of odd-Z (odd-N) n u c l e i i t I s n o t t h e 
l a s t odd n u c l e o n b u t one of t h e p a i r which t r a n s f o r m s . Moreove r , f o r odd-A 
n u c l e i K i s a h a l f o d d - i n t e g e r , i n o r d e r t o s a t i s f y t h e c o n d i t i o n 
i t i s n e c e s s a r y t h a t an odd number of b e t a k e n s i n c e £L i s a l w a y s 
a h a l f o d d - i n t e g e r . Hence , a t h r e e - p a r t i c l e i n t r i n s i c wave f u n c t i o n o u g h t 
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t o b e a p p r o p r i a t e . T h i s s i t u a t i o n i s n o t c o n s i d e r e d i n t h e p r e s e n t 
c h a p t e r , however . 
S i n c e t h e i n t r i n s i c wave f u n c t i o n i s d e s c r i b e d i n n u c l e a r c o ­
o r d i n a t e s , i n o r d e r t o e v a l u a t e t h e m a t r i x e l e m e n t f o r t h e o p e r a t o r 
T._ t h e f o l l o w i n g t r a n s f o r m a t i o n o u g h t t o b e made., L e t T ( s ) b e AJjm Aim s 
t h e o p e r a t o r d e s c r i b e d i n t h e l a b o r a t o r y f rame and T ^ ( n ) b e t h e same 
o p e r a t o r b u t r e l a t e d t o t h e n u c l e a r f r a m e , t h e n T. T ( n ) t r a n s f o r m s a c -
c o r d i n g t o ( E q u a t i o n ( l - 4 l ) , Appendix I ) 
The t r a n s i t i o n m a t r i x e l e m e n t <̂ f | | i ^ b e t w e e n t h e I n i t i a l 
s 
s t a t e | i ) = | J J V L K ^ a n d t h e f i n a l s t a t e |f^ = j J ^ M f K ^ w i l l t h e n b e 
e v a l u a t e d a s f o l l o w s , . 
< ? l T X L m s l ^ > = < J f ^ K f | T A L n . K i M , ) 
[ U T ^ I ) ( ^ I ^ 0 ] 
d TT 
[ a i i t 0 ( 4 ^ + 0 ] 
'4 
< T > V f l ^ l < K i > < V l T A L m U i l ; > 
+ ( - . ^ - ^ o ^ i C i C x y T X L J X r u > 
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By making u s e of t h e r e l a t i o n s 
a n d < f I T X L m j | i > = < 3 l M A t m s | T ^ ( > < f | T K L | | . > , 
E q u a t i o n ( 6 - 4 ) "becomes 
i i 
<-f I I T X L I K ) = i { ^ t { < ^ K t k | J f K « > < X a f | T X L W | x ^ > 
+ c - 0 V l ' < 1, X-K t - S | T 4 * t > < V W , - = , l X A > ] • 
( 6 - 5 ) 
where k - - ; ( 6 - 6 a ) 
and <j = - k f - K ; . ( 6 - 6 b ) 
F o r e v e r y o p e r a t o r , t h e r e l a t i o n 
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h o l d s , t o g e t h e r w i t h t h e f a c t t h a t J i s a h a l f o d d - i n t e g e r f o r odd-mass 
n u c l e i t h e g e n e r a l e x p r e s s i o n I s o b t a i n e d 
< * I T ^ J O = ( j <TV A K t k ! Zt K< > < | T A L f e I X a , > 
+ ( - 0 V i f < T f A K t c, | 7 ^ > < X ^ | TXL<. | X n . > ] . ( 6 - 7 ) 
I n t h e d e r i v a t i o n o f E q u a t i o n (6-7)> t h e f a c t o r s ( - 1 ) i " and 
2 ( J - J ) 
( - l ) i f ' a r e e n c o u n t e r e d and s e t e q u a l t o o n e . T h i s i s of c o u r s e 
t r u e f o r a h a l f o d d - i n t e g r a l v a l u e of Jo I f t h e s i n g l e - p a r t i c l e i n t r i n s i c 
/ \ 2 J - 1 
wave f u n c t i o n i s u s e d f o r even -mass n u c l e i , t h e f a c t o r ( - 1 ) i w i l l 
e q u a l - 1 s i n c e f o r even-mass n u c l e i , J i s a l w a y s an I n t e g e r . Hence , 
E q u a t i o n ( 6 - 7 ) r e d u c e s t o 
< f l | T , L I K > - ( - 0 T r i f ( | f i | f < J i X K i c , | J , - K f > < X % | T A u , | X ^ . > • ( 6 - 8 ) 
As was d i s c u s s e d a t t h e b e g i n n i n g of t h e c h a p t e r , t h e u s e o f t h e s i n g l e -
p a r t i c l e i n t r i n s i c wave f u n c t i o n f o r e v e n = i m ' s ^ r f i u c l e i a p p e a r s p o i n t l e s s 
i f n o t i m p o s s i b l e s i n c e one s h o u l d c o n s t r u c t t h e I n t r i n s i c wave f u n c t i o n 
X^ i n such a way t h a t ft=K<. T h i s i s i m p o s s i b l e f o r even -mass n u c l e i 
s i n c e K i s a l w a y s an i n t e g e r w h i l e ft a l w a y s h a s a h a l f o d d - i n t e g r a l 
v a l u e f o r a s i n g l e p a r t i c l e . 
The f i n a l e x p r e s s i o n s f o r t h e r e d u c e d m a t r i x e l e m e n t s f o r v a r i o u s 
o p e r a t o r s can b e o b t a i n e d b y s u b s t i t u t i n g t h e i n t r i n s i c m a t r i x e l e m e n t s 
i n E q u a t i o n (6-7) by t h e e x p l i c i t e x p r e s s i o n s g i v e n i n C h a p t e r I ? , w i t h 
k and q r e p l a c i n g m. The change i n s i g n of ft^ c o r r e s p o n d s t o t h e 
change i n s i g n s of b o t h and S^, i n t h e e x p l i c i t e x p r e s s i o n s . 
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CHAPTER V I I 
REDUCED MATRIX ELEMENTS 
FOR EVEN MASS NUCLEI IN BETA DECAY 
The t o t a l n u c l e a r wave f u n c t i o n f o r even-A n u c l e i h a s t h e g e n e r a l 
form g i v e n i n C h a p t e r V, E q u a t i o n ( 5 - l ) « I n t h e p r e s e n t d e r i v a t i o n of 
t h e b e t a d e c a y r e d u c e d m a t r i x e l e m e n t s , X^ i s assumed t o b e a twoT 
p a r t i c l e i n t r i n s i c wave f u n c t i o n f o r even-A n u c l e i „ As d i s c u s s e d i n 
C h a p t e r V, t h e r e a r e c e r t a i n b e t a d e c a y s f o r which t h e t w o - p a r t i c l e 
i n t r i n s i c wave f u n c t i o n does n o t s u f f i c i e n t l y d e s c r i b e t h e s i t u a t i o n . 
The e x p r e s s i o n s d e r i v e d i n t h e p r e s e n t c h a p t e r a r e r e s t r i c t e d t o 
+ 
3 and p d e c a y s from odd-odd t o e v e n - e v e n n u c l e i . F o r t h i s s i t u a t i o n 
t h e i n i t i a l i n t r i n s i c wave f u n c t i o n i s a p r o t o n - n e u t r o n s t a t e and t h e 
f i n a l i n t r i n s i c wave f u n c t i o n i s e i t h e r a p r o t o n - p r o t o n o r n e u t r o n -
n e u t r o n s ta te . - . The form of 'X- f o r t h e s e v a r i o u s p o s s i b i l i t i e s i s 
d i s c u s s e d a t l e n g t h i n C h a p t e r V and. w i l l b e summarized h e r e . 
F o r t h e i n i t i a l p r o t o n - n e u t r o n i n t r i n s i c s t a t e t h e f o l l o w i n g p o s ­
s i b i l i t i e s e x i s t r 
XXL = A-xip u - > c t ^ si? + st^ . ( 7 - i a ) 
* A - X Z X - £ L ^ i t k f l = • ( 7 - l b ) 
F o r E q u a t i o n ( 7 - l a ) t h e p r o t o n and n e u t r o n h a v e t h e i r a n g u l a r momentum 
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components c o u p l e d p a r a l l e l . F o r E q u a t i o n s ( 7 - l b ) and ( 7 - l c ) t h e a n g u l a r 
momentum components a r e c o u p l e d a n t I - p a r a l l e l <» S i n c e K-n i s a l w a y s 
p o s i t i v e , E q u a t i o n ( 7 - l h ) i s u s e d f o r Qp>^ n w h i l e E q u a t i o n ( 7 - l c ) i s 
u s e d f o r ^ n > ^ p ° r^ae s u p e r s c r i p t s ( l ) and (2 ) d e n o t e p a r t i c l e s ( l ) and 
(2 ) and a r e s u p e r f l u o u s f o r t h e p r o t o n - n e u t r o n s t a t e s i n c e t h e p a r t i c l e s 
a r e n o t i d e n t i c a l . 
F o r a f i n a l p r o t o n - p r o t o n i n t r i n s i c s t a t e t h e f o l l o w i n g p o s s i b i l i ­
t i e s e x i s t : 
X ^ ^ L 4 ; V V ^ V - ' A = I l f + A r . ( 7 - 2 a ) 
* a = ^ [ ^ C , - X n p X l v r ] -n .= - a ; - X i P - (7-zt>) 
F o r e q u a t i o n s ( 7 - 2 a ) and ( 7 - 2 b ) t h e two p r o t o n s h a v e t h e i r a n g u l a r momen­
tum components c o u p l e d p a r a l l e l and a n t i - p a r a l l e l , r e s p e c t i v e l y . S i n c e 
K=fi i s a l w a y s p o s i t i v e , f o r E q u a t i o n ( 7 - 2 b ) .Qp>ftp. 
F o r a f i n a l n e u t r o n - n e u t r o n i n t r i n s i c s t a t e t h e e q u a t i o n s a r e 
r , 1 
i d e n t i c a l t o ( 7 - 2 a ) and ( 7 - 2 b ) w i t h Q,^ r e p l a c i n g ,Q and ft^ r e p l a c i n g Q^. 
S i n c e t h e p a r t i c l e s a r e i d e n t i c a l f o r t h e p r o t o n - p r o t o n and n e u t r o n -
n e u t r o n s t a t e s , t h e wave f u n c t i o n s ( 7 - 2 a ) and ( 7 - 2 b ) h a v e b e e n s y m m e t r i z e d 
and t h e s u p e r s c r i p t s ( l ) and (2 ) a r e n e c e s s a r y . 
F o r a (3~ d e c a y f o r an odd-odd n u c l e u s t o an e v e n - e v e n n u c l e u s , t h e 
i n i t i a l i n t r i n s i c s t a t e i s g i v e n by ( 7 - l a ) , ( 7 ~ l b ) and ( 7 - l c ) and t h e 
f i n a l i n t r i n s i c s t a t e b y ( 7 - 2 a ) o r ( 7 - 2 b ) . T h e r e f o r e , t h e r e a r e s i x p o s ­
s i b l e c o m b i n a t i o n s of i n i t i a l and f i n a l i n t r i n s i c s t a t e s , These s i x 
c a s e s may b e d i v i d e d i n t o two c a t e g o r i e s b a s e d on t h e a n g u l a r momentum 
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c o u p l i n g s of t h e two n u c l e o n s b e f o r e -and. a f t e r t h e t r a n s i t i o n , . , 
A t r a n s i t i o n i s c a l l e d a t r a n s i t i o n be tween s t a t e s of t h e same 
r e l a t i v e c o u p l i n g i f t h e r e l a t i v e s i g n s c o n n e c t i n g t h e fi's of t h e two 
p a r t i c l e s a r e t h e same i n t h e i n i t i a l and f i n a l s t a t e s . Tha t i s , t h e 
two p a r t i c l e s a r e c o u p l e d p a r a l l e l ( o r a n t i - p a r a l l e l ) i n b o t h t h e i n i ­
t i a l and f i n a l s t a t e . The t r a n s i t i o n i s s a i d t o be be tween s t a t e s of 
d i f f e r e n t r e l a t i v e c o u p l i n g s i f t h e r e l a t i v e s i g n s c o n n e c t i n g t h e fl'-s 
of t h e two p a r t i c l e s a r e d i f f e r e n t i n t h e i n i t i a l and f i n a l s t a t e s ' . 
Tha t i s , t h e two p a r t i c l e s a r e c o u p l e d p a r a l l e l i n t h e i n i t i a l s t a t e 
and a n t i - p a r a l l e l i n t h e f i n a l s t a t e o r v i c e - v e r s a . , 
Now f o r a p " d e c a y from an odd-odd n u c l e u s t o an e v e n - e v e n n u c l e u s , 
t h e f o l l o w i n g s i x c o m b i n a t i o n s of i n i t i a l and f i n a l i n t r i n s i c s t a t e s 
e x i s t : 
1) ( 7 - i a M 7 - 2 a ) 
2 ) ( 7 - i a H 7 - 2 b ) 
3 ) ' ( 7 - l b H 7 - 2 a ) 
k) ( 7 - i b ) - < ? - 2 b ) 
5) ( 7 - l c M 7 - 2 a ) 
6 ) ( 7 - i c ) - < 7 - 2 b ) 
1 , k and 6 r e p r e s e n t t r a n s i t i o n s be tween s t a t e s of t h e same r e l a t i v e 
c o u p l i n g and 2 , 3 and 5 r e p r e s e n t t r a n s i t i o n s b e t w e e n s t a t e s of d i f ­
f e r e n t r e l a t i v e c o u p l i n g s . 
Now e q u a t i o n s may b e d e r i v e d t h a t e x p r e s s t h e r e d u c e d m a t r i x 
e l e m e n t s f o r a & d e c a y from an odd-odd t o an e v e n - e v e n n u c l e u s i n 
o r V + ft* " ' n p f " v • 
o r V " n i - V ' 
o r " p i " " n i "* V V • 
6 r " n i " " p i "» %f* V * 
o r fi . - fi . -> fi'~= H f, n i p i p i p i • 
t 
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t e r m s of t h e N i l s s o n s i n g l e - p a r t i c l e m a t r i x e l e m e n t s of C h a p t e r IV. 
G e n e r a l l y , t h e d e r i v a t i o n p r o c e e d s i n a manner s i m i l a r t o t h a t u s e d 
f o r odd.-mass n u c l e i i n C h a p t e r VI . 
The t o t a l n u c l e a r wave f u n c t i o n i s g i v e n b o t h i n i t i a l l y and f i n a l l y 
by E q u a t i o n ( 5 - l ) where i t i s now u n d e r s t o o d t h a t X^ r e p r e s e n t s t h e 
a p p r o p r i a t e t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n a s e x p r e s s e d i n E q u a t i o n s 
( 7 - l a , b , c ) and ( 7 - 2 a , b ) . S i n c e t h e s u p e r s c r i p t (2 ) h a s b e e n a s s o c i a t e d 
w i t h t h e n e u t r o n , i n t h e i n i t i a l s t a t e , f o r j3 d e c a y t h e t r a n s f o r m i n g 
p a r t i c l e i s d e n o t e d a s p a r t i c l e ( 2 ) and t h e n o n - t r a n s f o r m i n g p a r t i c l e 
i s p a r t i c l e ( l ) . T h e r e f o r e , f o r J3~ d e c a y t h e o p e r a t o r can a lw ays b e 
assumed t o o p e r a t e on t h e wave f u n c t i o n w i t h t h e s u p e r s c r i p t ( 2 ) . Hence , 
t h e s c a l a r p r o d u c t of two s i n g l e - p a r t i c l e i n t r i n s i c wave f u n c t i o n s w i t h 
t h e s u p e r s c r i p t ( l ) w i l l a p p e a r i n t h e c a l c u l a t i o n s . These o v e r l a p i n ­
t e g r a l s have t h e forms 
i n t e g r a l s s u c h a s ^ \ ^ ) a r e i d e n t i c a l l y e , u a l t o z e r o due t o t h e 
l' - ^ P ^ '. ^ P j • 
o r t h o g o n a l i t y of t h e s i n g l e - p a r t i c l e wave f u n c t i o n s . I n t e g r a l s such a s 
< x £ ^ I x i 1 ^ a r e e q u a l t o z e r o i f X ^ 1 ^ x i 1 ) o r one i f X ^ = X f t ^ . 
% V 1 » P , ' * % V &P, A P.p A P : 
("i) Ci) i u 
T h i s c o n d i t i o n i s e x p r e s s e d b y r e p l a c i n g ^X^ j X^ >̂ w i t h t h e symbol , 
p£ Pj_ 
5 ^ p f ttp±° 
E q u a t i o n s a r e p r e s e n t e d f o r each of t h e s i x c o m b i n a t i o n s of i n i t i a l 
and f i n a l i n t r i n s i c s t a t e s l i s t e d a b o v e . The g e n e r a l e x p r e s s i o n s f o r t h e 
r e d u c e d " m a t r i x e l e m e n t s i n t e r m s of s i n g l e - p a r t i c l e i n t r i n s i c m a t r i x 
e l e m e n t s f o r a 0" t r a n s i t i o n from an odd-odd t o an e v e n - e v e n n u c l e u s 
a r e p r e s e n t e d b e l o w . 
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As p r e v i o u s l y d i s c u s s e d t h e e q u a t i o n s a r e v a l i d f o r a t r a n s i t i o n "be­
tween an i n i t i a l p r o t o n - n e u t r o n i n t r i n s i c s t a t e and a f i n a l p r o t o n - p r o t o n 
i n t r i n s i c s t a t e . Both i n i t i a l l y and f i n a l l y t h e s t a t e s may b e e i t h e r t h e 
i n t r i n s i c g round s t a t e o r an i n t r i n s i c e x c i t e d s t a t e . 
F u r t h e r m o r e , i n a d d i t i o n t o t h e g e n e r a l e x p r e s s i o n s , t h e e x p r e s s i o n s 
f o r t h e s p e c i a l c a s e : X ^ - a r e p r e s e n t e d . T h i s s p e c i a l c a s e a p ­
p l i e s t o 3 t r a n s i t i o n s t o t h e i n t r i n s i c g round s t a t e of t h e e v e n -
even n u c l e u s and i s e n c o u n t e r e d f r e q u e n t l y . 
G e n e r a l Case 
T r a n s i t i o n s b e t w e e n S t a t e s of t h e Same R e l a t i v e C o u p l i n g 
< f I I V I I i > - ( v ) * j \ Ki * | J 4 > < X~ ! T X L k I X ^ > ^ 
X ^ M ^ X ^ J W X ^ > 0 % } . ( 7 - 3 ) 
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T r a n s i t i o n s Between S t a t e s of D i f f e r e n t R e l a t i v e C o u p l i n g s 
+ ( - 0 V J r V . x K ; c| | ^ - K , > < I X ^ > ^ p ; n r j . ( 7 _ 6 ) 
I I T X u U > = ( f t ^ r ) " j < ^ M 3 4 K , > < T X L k I ^ > ^ 
- < T t X Kt k | T t ^ X * ^ | T x u \ X a n . > . ( 7 - 7 ) 
- ^ n i ^ x x ^ i T ^ i x ^ ) ^ 5 . ( 7 . 8 ) 
72 
• S p e c i a l M s e s - X ^ -
I n t h i s e a s e , t h e p r o t o n - p r o t o n p a i r i n t h e f i n a l s t a t e p a i r o f f i n 
t h e same N i l s s o n s i n g l e - p a r t i c l e l e v e l w i t h t h e i r . sp in components c o u p l e d 
a n t i - p a r a l l e l . T h i s s i t u a t i o n e x i s t s wheneve r t h e f i n a l s t a t e i s t h e i n ­
t r i n s i c g round s t a t e of t h e e v e n - e v e n n u c l e u s . The m a j o r i t y of b e t a 
d e c a y s f o r which u s e f u l e x p e r i m e n t a l r e s u l t s a r e a v a i l a b l e f a l l i n t o 
t h i s c a t e g o r y . The f i n a l i n t r i n s i c wave f u n c t i o n b e c o m e s : 
w i t h K„ = Q „ = fl - H = 0 
f f P f P f 
F o r t h i s s p e c i a l s i t u a t i o n t h e f o l l o w i n g c a s e s e x i s t 
I n i t i a l S t a t e : ft - ft p , n . 
I n i t i a l S t a t e : -ft + ft P . n . * i 1 
I n i t i a l S t a t e : ft + ft p . n . * i I 
( 7 - 9 ) 
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The e x p r e s s i o n s f o r t h e r e d u c e d m a t r i x e l e m e n t s p r e s e n t e d above ' a r e 
s p e c i f i c a l l y f o r a 3 t r a n s i t i o n from an odd-odd n u c l e u s t o an. e v e n -
even n u c l e u s . However, t h e y a r e made a p p l i c a b l e f o r a. (3 t r a n s i t i o n from 
an odd-odd n u c l e u s t o an e v e n - e v e n n u c l e u s by t h e f o l l o w i n g c h a n g e s . 
These changes s i m p l y amount t o r e p l a c i n g t h e s u b s c r i p t n n " w i t h t h e 
s u b s c r i p t " p " and v i c e - v e r s a t h r o u g h o u t t h e e q u a t i o n s . I t i s n e c e s s a r y 
t o make t h e c h a n g e s i n b o t h t h e m a t r i x e l e m e n t e q u a t i o n s and t h e i d e n t i ­
f y i n g e q u a t i o n s t h a t s t a t e t h e Q, c o u p l i n g s f o r t h e v a r i o u s c a s e s . 
+ 
When m o d i f i e d f o r a |3 t r a n s i t i o n t h e e q u a t i o n s a r e v a l i d f o r a 
t r a n s i t i o n b e t w e e n an I n i t i a l p r o t o n - n e u t r o n I n t r i n s i c s t a t e and a f i n a l 
n e u t r o n - n e u t r o n i n t r i n s i c s t a t e . The i n i t i a l and f i n a l s t a t e s may b e 
e i t h e r t h e i n t r i n s i c g round s t a t e o r an I n t r i n s i c e x c i t e d s t a t e . 
The e q u a t i o n s p r e s e n t e d i n t h e p r e s e n t c h a p t e r a r e f o r e i t h e r a 
+ 
|3 o r a 3 d e c a y of an odd-odd n u c l e u s . The b e t a d e c a y of an e v e n -
even n u c l e u s i s r a r e i n n a t u r e , and , t h e r e f o r e , i s n o t c o n s i d e r e d . 
However, t h e d e r i v a t i o n of t h e r e d u c e d m a t r i x e l e m e n t s f o r t h e b e t a 
d e c a y of an e v e n - e v e n n u c l e u s can b e made i n t h e same manner a s f o r t h e 
odd-odd n u c l e u s , 
Ik 
CHAPTER V I I I 
SELECTION RULES 
F o r v e r y s t r o n g d e f o r m a t i o n t h e e x a c t s o l u t i o n X^= Z a ^ j N - L A Z ^ of 
t h e N i l s s o n p o t e n t i a l may h e s u b s t i t u t e d b y t h e a s y m p t o t i c s o l u t i o n 
[ N n z A z ] ' i n which t h e p a r t i c l e m o t i o n i s s e p a r a t e d i n t o o s c i l l a t i o n s 
a l o n g t h e z - a x i s and t h o s e i n t h e p l a n e p e r p e n d i c u l a r t o t h i s a x i s . Due 
t o t h i s s e p a r a t i o n t h e new c o n s t a n t s , of t h e m o t i o n a r e t h e p r i n c i p a l 
quantum number, N, t h e number of nodes a l o n g t h e z - a x i s , n , and t h e 
number of nodes i n t h e x - y p l a n e , A • I n t h i s l i m i t , t h e e x p r e s s i o n s 
f o r t h e r e d u c e d m a t r i x e l e m e n t s r e d u c e t o o n l y one t e r m . The s e l e c t i o n 
r u l e s f o r t h e s e a s y m p t o t i c quantum numbers c o v e r i n g up t o t h e s e c o n d -
(2k) 
f o r b i d d e n b e t a d e c a y were g i v e n by A l a g a , u s i n g t h e s i n g l e - p a r t i c l e 
i n t r i n s i c wave f u n c t i o n . 
I n t h e p r e s e n t d i s s e r t a t i o n , s i n c e t h e e x a c t s o l u t i o n of t h e N i l s s o n 
p o t e n t i a l i s u s e d t o e v a l u a t e t h e n u c l e a r m a t r i x e l e m e n t s , t h e s e l e c t i o n 
r u l e s f o r t h e c o r r e s p o n d i n g quantum numbers a r e a l i t t l e more c o m p l i c a t e d . 
However, t h e y may b e e a s i l y s e e n from t h e e x p r e s s i o n s f o r t h e m a t r i x 
e l e m e n t s . S i n c e t h e p a r i t y o f t h e n u c l e a r s t a t e s i s c o n s e r v e d , t h e s e ­
l e c t i o n r u l e f o r t h e p a r i t y , it, i s t h e p a r i t y of t h e o p e r a t o r i t s e l f , 
g i v e n i n C h a p t e r I I I . The s e l e c t i o n r u l e f o r t h e p r i n c i p a l quantum 
number , N, r e s u l t s from t h e p r o p e r t y of t h e o r t h o g o n a l p o l y n o m i a l s a n d ; i s 
d i s c u s s e d i n Appendix I I . The s e l e c t i o n r u l e s f o r a l l t h e o t h e r quantum 
number s , J , K, X. , A and Z, come e i t h e r from t h e t r i a n g l e c o n d i t i o n , 
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E q u a t i o n ( l - 5 a ) , o r f rom t h e c o n s t r a i n t among t h e p r o j e c t i o n , quantum 
numbers i n t h e C - c o e f f i c i e n t , E q u a t i o n ( l - 5 b ) , o r f rom t h e p r o p e r t y of 
t h e p r o j e c t i o n of a n a n g u l a r momentum b e i n g n o t l a r g e r t h a n t h e a n g u l a r 
momentum i t s e l f . 
A s i d e from, t h e s e l e c t i o n r u l e s d i s c u s s e d a b o v e , t h e t r a n s i t i o n m a t r i x 
e l e m e n t s a l s o depend on t h e s t r u c t u r e of t h e i n t r i n s i c wave f u n c t i o n . F o r 
odd-A n u c l e i , t h e s e l e c t i o n r u l e s a r e u n i q u e s i n c e o n e - p a r t i c l e i n t r i n s i c 
wave f u n c t i o n s a r e u s e d , a s can b e s e e n from E q u a t i o n ( 6 - 7 0 • F o r even-A 
n u c l e i , t w o - p a r t i c l e wave f u n c t i o n s a r e u s e d . T h e r e f o r e , t h e m a t r i x 
e l e m e n t s a l s o depend on t h e r e l a t i v e c o u p l i n g b e t w e e n t h e i n i t i a l and 
f i n a l s t a t e s of t h e a n g u l a r momenta of t h e two n u c l e o n s . S i n c e t h i s 
a n g u l a r momentum c o u p l i n g a f f e c t s o n l y t h e p r o j e c t i o n quantum number, XI 
( = A + Z ) , a s was shown i n C h a p t e r V I I I , t h e s e l e c t i o n r u l e s f o r it, J , 
K, N, and JL a r e g i v e n s e p a r a t e l y i n T a b l e 4 . F o r odd-A n u c l e i , t h e 
s e l e c t i o n r u l e s f o r A and Z a r e g i v e n i n T a b l e 5- F o r even-A ( o d d 
H-odd z ) n u c l e i , t h e t r a n s i t i o n b e t w e e n s t a t e s of t h e same o r d i f f e r e n t 
r e l a t i v e c o u p l i n g s l e a d s t o many p o s s i b i l i t i e s , each c o r r e s p o n d s t o a 
s e t of s e l e c t i o n r u l e s f o r A and Z . Not a l l t h e s e c a s e s , b u t two 
i l l u s t r a t i v e e x a m p l e s , a r e c o n s i d e r e d h e r e . F o r t h e t r a n s i t i o n b e t w e e n 
s t a t e s of t h e same r e l a t i v e c o u p l i n g , t h e s e l e c t i o n r u l e s f o r A a n d Z 
c o r r e s p o n d i n g t o E q u a t i o n s ( 7 - 4 ) o r ( 7 - 1 0 ) a r e g i v e n i n T a b l e 6 , and f o r 
t h e t r a n s i t i o n b e t w e e n s t a t e s of d i f f e r e n t r e l a t i v e c o u p l i n g s , t h e s e l e c ­
t i o n r u l e s f o r A and Z c o r r e s p o n d i n g t o E q u a t i o n s ( 7 - 6 ) , o r ( 7 - 1 2 ) 
a r e g i v e n i n T a b l e 7- These two modes o f t r a n s i t i o n w i l l b e a p p l i e d 
l a t e r t o t h e i s o t o p e s of Re^?^ and Trr?~^®, r e s p e c t i v e l y . S i n c e no c o n ­
f u s i o n a r i s e s t h e s u b s c r i p t s n and p a r e s u p p r e s s e d , and ft i s 
r e p l a c e d b y ft. i n T a b l e s 6 and 1. 
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T a b l e k. S e l e c t i o n R u l e s f o r j t , J , K , N and JL . 
M a t r i x Element A J = | J „ - J . | 
k=K f -K . 
q=K f -K. 1 f i ' 
A e = K f ^ . | 
< l | « U A ( f ) « > 
( J i + J f > \ ) 
AN ^ X A-e f x 
t . + even 
. i f 
( - D L 
AN<"L Ati L 
^ i + V ~ L e v e n 
( - D L + 1 
AN^L-l 
| N f - N . + I | < L 
AN<L+1 
A^<L-1 
i V V " 1 1 * L 
A£(L+1 
f . + i +L odd 
l f 
AN 4 X - 1 
|N f -N .+ l | ^ .X 
A N ^ X + I 
A -X-l 
i ^ - ' ^ l i x 
4 . + V * o d d 
i f 
( - D L + 1 
A N ^ L - l 
| N f - N . + l K L 
AN<L+1 
A ( ( L - 1 
l« f - V 1 ^ L 
A U L + I 
-E.+ 4 + L odd 
l f 
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T a b l e 5 . Odd-A N u c l e i - S e l e c t i o n R u l e s f o r A & Z 
M a t r i x E lement A , z 
f o r 
l M j M t f o r S 1 = S f 
i T A f - A i z i = - z f 
k = / 1 f - / . f o r S l = Z f 
v-fti'fa V " z f 
< l l y K m * l l > 
V, 
= / 4 f M i + 1 V ^ 2 V + 1 / 2 
- / I f / J i + l W ± 1 / 2 
k = / l f - / l i f o r 
M i + 1 V 4 1 2 s f = ? • 2 
1 = - /1f V i i V " Z f 
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T a b l e 6 . Odd-odd. N u c l e i - S e l e c t i o n R u l e s f o r A & Z . 
T r a n s i t i o n Between S t a t e s of t h e Same R e l a t i v e C o u p l i n g 
M a t r i x E lement A & £ 
<llyxc*)ll> 
k = 7 l f + / f t 
M M * 1 
-<=-/t r -vt ± 
f o r 
f o r 
f o r 
f o r 
f o r 
S ,= - 1 / 2 :> 2 , = 1/2 
% ^ / 2 > 1 /2 
f o r 4f"f^* mlK-g t h e c h a n g e : 
79 
T a b l e 7. Odd-odd N u c l e i - S e l e c t i o n Rules f o r A & S. 
T r a n s i t i o n Between S t a t e s of D i f f e r e n t R e l a t i v e C o u p l i n g s . 
M a t r i x E lemen t s / I & 2 
< 7 / i ^ / / > k - - / ^ f o r
 z± = - Zf 
k = - / I j - A i f o r Z i = ~ Z t 
= - 4 - / l i ? l 1 ^ = 1^,= + 3 / 2 
< 7 / T ^ / / > * = 7 | f 7 l i f o * Z i ° - Z f 
< f l 1 x ^ l l > 
k = - /1 f - / i i f o r Z± = - Zf 
° " / I f - Z l i ? 1 2 . = Z f = t V 2 
< / / ^ ( ? , ? x P i I > 
k - -/If -A± f o r s i = - z t 
F o r n ^ = n f > a a k e t h e o r a n g e : k - q , N f , J f , A f , Z f - » N ^ / ^ ^ , 2 ^ 
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CHAPTER IX 
NUCLEAR PARAMETERS FOR THE FIRST-FORBIDDEN BETA DECAY 
I n t h i s c h a p t e r , t h e e x p r e s s i o n s g i v e n i n C h a p t e r V I I f o r t h e 
n u c l e a r m a t r i x e l e m e n t s f o r even -mass n u c l e i w i l l b e u s e d t o d e t e r m i n e 
t h e n u c l e a r p a r a m e t e r s f o r f i r s t - f o r b i d d e n b e t a d e c a y w i t h s p i n change 
| A J | = 1 . The n u c l e a r m a t r i x e l e m e n t s i n v o l v e d i n t h i s s i t u a t i o n a r e 
i n t h e K o n o p i n s k i and Uh lenbeck n o t a t i o n o r 
< { » V > 1 * < > > <-f I I T , 0 C ? , p ) | K > / < f l | t n ' ( ? > ? " ) l | i > - * « < i < ^ T „ ( ? ^ ) O i > 
i n t h e s p h e r i c a l t e n s o r n o t a t i o n . The c o r r e s p o n d e n c e b e t w e e n t h e s e two 
n o t a t i o n s i s g i v e n i n T a b l e 1 ( C h a p t e r I I I ) . 
With t h e e x c e p t i o n of t h e l o g f t - v a l u e , a l l t h e o r e t i c a l e x p r e s ­
s i o n s f o r e x p e r i m e n t a l o b s e r v a b l e s i n f i r s t - f o r b i d d e n b e t a d e c a y a r e 
w r i t t e n n o t i n t e r m s of t h e n u c l e a r m a t r i x - e l e m e n t s , b u t i n t e r m s of 
t h e i r r a t i o s . Thus , f o r t h e f i r s t - f o r b i d d e n b e t a d e c a y w i t h s p i n change 
(21) 
| AJ | = 1 t h e * f o l l o w i n g n u c l e a r p a r a m e t e r s a r e i n t r o d u c e d by IJKbtani 
r | x - - C v ^ r ) rj u = C A J i . ? x r > ( 9 - l a ) 
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I n t h e p r e s e n t c a l c u l a t i o n t h e s t a n d a r d m a t r i x e l e m e n t i s c h o s e n such 
t h a t 
r * 
and t h e f o l l o w i n g p a r a m e t e r s a r e e v a l u a t e d , 
X - -
I n t h e e x p r e s s i o n f o r A, g i s a p a r a m e t e r d e f i n e d b y 
1 = 4 
Where a i s t h e f i n e s t r u c t u r e c o n s t a n t and ^ i s t h e r a d i u s of t h e 
n u c l e u s g i v e n by 
^ ~ I , % f\ x IO cm . 
The v a l u e of A was f i r s t p r e d i c t e d t h e o r e t i c a l l y by Ahrens 1 and 
F e e n b e r g ^ ^ and i n d e p e n d e n t l y b y ' P u r s e y ^ ^ . R e c e n t l y , t h e c o n s e r v e d 
(27) 
v e c t o r - c u r r e n t t h e o r y i n weak i n t e r a c t i o n was u s e d b y F u j i t a ^ ' t o 
d e r i v e A . The p r o p o s e d v a l u e s f o r A a r e 
A <\j 1 Ah r e n s and F e e n b e r g , 
A ^ 2 P u r s e y , 
A ro 2 . 5 F u j i t a . 
The n o t a t i o n TJ f o r t h e m a t r i x e l e m e n t i s u s e d o n l y i n E q u a t i o n s 
( 9 - 1 ) and ( 9 - 2 ) . E l s e w h e r e , i\ d e n o t e s t h e d e f o r m a t i o n p a r a m e t e r . 
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I n t h e f o l l o w i n g , t h e c a l c u l a t i o n o f n u c l e a r p a r a m e t e r s i s made f o r 
3 d e c a y s i n Tm"^ and R e ^ ^ . I n b o t h i s o t o p e s , t h e t r a n s i t i o n u n d e r 
c o n s i d e r a t i o n t a k e s p l a c e from, t h e g round s t a t e of an odd-odd n u c l e u s w i t h 
0 \ = 1 t o t h e f i r s t - e x c i t e d s t a t e of a n e v e n - e v e n n u c l e u s w i t h J f = 2 . I n 
b o t h c a s e s t h e f i n a l s t a t e i s i n t e r p r e t e d a s b e i n g t h e f i r s t e x c i t e d s t a t e 
i n t h e r o t a t i o n a l band of t h e i n t r i n s i c g round s t a t e . The p e r t i n e n t p a r t s 
of t h e d e c a y schemes Of Tm^® and R e ^ ^ a r e shown i n F i g u r e 2 . The a c ­
c e p t e d v a l u e s of J , K and ir, t h e p a r i t y , a r e i n d i c a t e d f o r each l e v e l . 
As d i s c u s s e d i n C h a p t e r V, t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s f o r 
b o t h t h e i n i t i a l and f i n a l s t a t e s s h o u l d a d e q u a t e l y d e s c r i b e t h e s i t u a ­
t i o n f o r t h e t r a n s i t i o n u n d e r c o n s i d e r a t i o n . The i n t r i n s i c s t a t e f o r 
t h e e v e n - e v e n n u c l e u s i s d e s c r i b e d a s a p r o t o n - n e u t r o n s t a t e i n which 
t h e odd p r o t o n and odd n e u t r o n c o u p l e t o g e t h e r so t h a t 
K = .0. = 1 £lp± Cin 
The i n t r i n s i c s t a t e f o r t h e e v e n - e v e n n u c l e u s i s d e s c r i b e d a s a p r o t o n -
p r o t o n s t a t e i n which t h e two p r o t o n s p a i r o f f i n t h e same N i l s s o n s t a t e 
so t h a t 
K ~ XL - O . 
Dur ing t h e 0 t r a n s i t i o n i t i s assumed t h a t t h e odd p r o t o n r e m a i n s i n 
t h e same N i l s s o n s t a t e Whi le t h e odd n e u t r o n i s t r a n s f o r m e d i n t o a p r o ­
t o n t h a t p a i r s o f f i n t h e same N i l s s o n s t a t e w i t h t h e odd p r o t o n . T h e r e ­
f o r e t h e e q u a t i o n s p r e s e n t e d i n C h a p t e r V I I f o r t h e b e t a d e c a y n u c l e a r 
m a t r i x e l e m e n t s f o r even-mass n u c l e i u s i n g t w o - p a r t i c l e i n t r i n s i c wave 
f u n c t i o n s s h o u l d a p p l y t o t h e t r a n s i t i o n s u n d e r c o n s i d e r a t i o n . 
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F o r each n u c l e u s t h e d e f o r m a t i o n p a r a m e t e r r\(or 8<-\)0.05 ,n) can b e 
(22) 
e s t i m a t e d from F i g u r e 9 i n M o t t e l s o n and N i l s s o n ' s p a p e r v . I n t h e 
f i g u r e v a l u e s of 5 d e t e r m i n e d from e x p e r i m e n t a l E2 t r a n s i t i o n s b e t w e e n 
two s t a t e s i n a r o t a t i o n a l b a n d a r e p l o t t e d a s a f u n c t i o n of t h e m&ss 
number . F o r a f i x e d v a l u e of T) ( o r 5) t h e i n t r i n s i c wave f u n c t i o n f o r 
(22) 
a n u c l e u s i s u n i q u e . A c c o r d i n g t o F i g u r e 9 t h e d e f o r m a t i o n pa ram­
e t e r s T) a r e a p p r o x i m a t e l y e q u a l t o 6 and 4 f o r Tm and Re, r e s p e c t i v e l y . 
T h e r e f o r e , t h e i n t r i n s i c wave f u n c t i o n s f o r t h e s e i s o t o p e s a r e d e t e r m i n e d 
a t j]=6 f o r Tm and a t T)=4 f o r $e from t h e N i l s son e n e r g y l e v e l d i a ­
g r a m s . However, i n o r d e r t o show t h e v a r i a t i o n of n u c l e a r p a r a m e t e r s 
w i t h r e s p e c t t o t h e d e f o r m a t i o n , t h e c a l c u l a t i o n s a r e a l s o made f o r two 
o t h e r v a l u e s of TJ b e s i d e s t h e v a l u e s c h o s e n a b o v e , w i t h t h e same b a s e 
v e c t o r s i n t h e e x p a n s i o n of t h e i n t r i n s i c s t a t e . I t s h o u l d b e p o i n t e d 
o u t t h a t i f t h e d e f o r m a t i o n p a r a m e t e r , TJ, i s changed , d i f f e r e n t i n t ^ i a - . 
s i c wave f u n c t i o n s may b e i n d i c a t e d due t o l e v e l c r o s s i n g s on t h e 
N i l s s o n d i a g r a m s . 
I n N i l s s o n ' s r e p r e s e n t a t i o n , t h e i n t r i n s i c s t a t e a l s o depends on 
t h e r e l a t i v e s t r e n g t h of of t h e s p i n - o r b i t t e r m and o f t h e -fi^-term i n 
t h e s i n g l e - p a r t i c l e H a m i l t o n i a n . I n h i s n u m e r i c a l c a l c u l a t i o n s , N i l s s o n 
h a s a s s i g n e d v a l u e s of U f o r e ach N - s h e l l s o a s t o r e p r o d u c e ( f o r 5=0) 
t h e assumed s e q u e n c e of s h e l l model levelifs^as" w e l l a s p o s s i b l e . I f t h e 
v a l u e of u i s c h a n g e d , t h e b a s e v e c t o r s i n t h e e x p a n s i o n of a p a r ­
t i c u l a r i n t r i n s i c s t a t e X^ r ema in t h e same. However, t h e e x p a n s i o n 
c o e f f i c i e n t s a ^ A c h a n g e . F o r b o t h t h e Tm^"^ and R e ^ ^ t r a n s i t i o n s 
u n d e r c o n s i d e r a t i o n t h e i n i t i a l i n t r i n s i c s t a t e of t h e t r a n s f o r m i n g 
n u c l e o n b e l o n g s t o t h e s h e l l 1^=5 > and t h e f i n a l i n t r i n s i c s t a t e 
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b e l o n g s t o t h e s h e l l N=^o F o r t h e s h e l l N^=5 t h e e x p a n s i o n c o e f f i c i e n t s 
(yj) ( 22 ) 
are g i v e n by N i l s s o n v 1 w i t h 1^=0 .45 , and b y N i l s s o n and M o t t e l s o n ^ ' 
w i t h u i = 0 . 7 . F o r t h e s h e l l N^ =4 t h e e x p a n s i o n c o e f f i c i e n t s a r e c a l c u -
(17) 
l a t e d by N i l s s o n x " w i t h u = 0 . 5 5 . ' I n o r d e r t o show t h e v a r i a t i o n o f 
n u c l e a r p a r a m e t e r s w i t h r e s p e c t t o t h e p a r a m e t e r fi, t h e c a l c u l a t i o n s a r e 
made f o r two s e t s of u v a l u e s : u ^ = 0 . 4 5 , =0 .55 and u ^ = 0 . 7 0 , = 0 . 5 5 
A f t e r l e n g t h y n u m e r i c a l c a l c u l a t i o n s , t h e n u c l e a r m a t r i x e l e m e n t s 
a r e of t h e form 
< { I I T A L I K > = A ^ Q f a L a f . (9 -*0 
The j i u m e r i c a l v a l u e s , . o f t h e c o n s t a n t s A and C ^ w i l l b e g i v e n i n a 
t a b l e f o r e ach i s o t o p e . The v a l u e s of t h e e x p a n s i o n c o e f f i c i e n t s " a " 
( l 7 ) (22) may b e found i n p a p e r s of N i l s s o n v , and N i l s s o n and M o t t e l s o n . 
The v a r i a t i o n of n u c l e a r p a r a m e t e r s x ; u , and A w i t h r e s p e c t t o T\ 
and u a r e g i v e n i n T a b l e s 12 and 1 3 , r e s p e c t i v e l y . 
F o r c o n v e n i e n c e , " " i n t h e n e x t two s e c t i o n s t h e i n t r i n s i c s t a t e w i l l 
b e w r i t t e n e i t h e r a s Qjt[Nh All] ( t h e a s y m p t o t i c wave f u n c t i o n f o r v e r y 
z 
l a r g e d e f o r m a t i o n ) o r a s | Nfloc^ ( t h e a c t u a l i n t r i n s i c wave f u n c t i o n 
X^, where a i s t h e l e v e l number I n t h e N i l s s o n d i a g r a m s ) . The c o r ­
r e s p o n d e n c e b e t w e e n [ N n z A z ] and | :Nfia^ can b e e s t a b l i s h e d e a s i l y and 
(17 ) 
may b e found i n N i l s s o n ' s p a p e r 
^ 1 7 0 Tm 
170 ~ The d e c a y scheme o f Tm i s shown i n F i g u r e 2 . The e s t i m a t e d 
170 
v a l u e of t h e d e f o r m a t i o n p a r a m e t e r r\ o f Tm i s a p p r o x i m a t e l y e q u a l 
(22 ) 
t o 6 . I n f i g u r e s 3 and h of r e f e r e n c e M o t t e l s o n and N i l s s o n h a v e 
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p l o t t e d t h e s i n g l e - p a r t i e l e p r o t o n e n e r g y l e v e l s f o r 50< Z < 82 and t h e 
s i n g l e - p a r t i c l e n e u t r o n e n e r g y l e v e l s f o r 82 < N < 126 . F o r r\=6 t h e 
1T0 
6 9 t h p r o t o n ( t h e odd p r o t o n f o r Tm } i s a p p a r e n t l y i n t h e N i l s s o n s t a t e 
l / 2 + f 4 l l 4 ] . However f o r i)=6 , t h r e e d i f f e r e n t n e u t r o n l e v e l s a r e 
f a i r l y c l o s e t o g e t h e r i n t h e n e i g h b o r h o o d of t h e 1 0 1 s t n e u t r o n . From 
t h e s p i n J = l ( and h e n c e K=J3-l) and t h e measu red m a g n e t i c moment, 
( 23 ) 170 G a l l a g h e r and S o l o v i e v ' c o n c l u d e d t h a t f o r t h e g round s t a t e of Tm 
t h e odd n e u t r o n i s i n t h e N i l s s o n s t a t e l / 2 - [ 5 2 1 4 ] . T h e r e f o r e , t h e 
i n i t i a l i n t r i n s i c s t a t e a r e t a k e n a s l / ' 2 + [ 4 l l i ] and l / 2 - [ 5 2 l f l f o r t h e 
p r o t o n and t h e n e u t r o n , r e s p e c t i v e l y . I n t h e f i n a l S t a t e , b o t h p r o t o n s 
a r e c h a r a c t e r i z e d b y 1 / 2 + i > m ] . I n o r d e r t o meet t h e r e q u i r e m e n t 
K=fi, i t i s n e c e s s a r y t h a t 
f o r t h e i n i t i a l s t a t e w i t h K . = l , and 
1 ' 
f o r t h e f i n a l s t a t e w i t h = 0 . The t w o - p a r t i c l e i n t r i n s i c wave 
f u n c t i o n s ' a r e s y m b o l i c a l l y w r i t t e n a s 
!<,> = [4.1 U ] + [ 5 4 1 4 ] , 
| f > r [ 4 1 1 4 ] - [ 4 1 U ] \ 
Thus , t h e t r a n s i t i o n t a k e s p l a c e b e t w e e n s t a t e s of d i f f e r e n t r e l a t i v e 
c o u p l i n g , i . e . , 
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s i P c + ~A*t-* sxF+ - sift 
i n t h e n o t a t i o n of C h a p t e r V I I , o r more s p e c i f i c a l l y 
J\p+5i>» — * SlP - • 
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T h e r e f o r e , f o r t h e Tm t r a n s i t i o n , t h e g e n e r a l e x p r e s s i o n f o r t h e 
r e d u c e d m a t r i x e l e m e n t s i s g i v e n h y E q u a t i o n ( 7 - 1 2 ) . The i n t r i n s i c 
wave f u n c t i o n s f o r t h e t r a n s f o r m i n g n u c l e o n a r e 
and 
+ 4 J « M - > W - > • ( 9 - 6 ) 
The c o e f f i c i e n t s A and i n E q u a t i o n ( 9 - 4 ) a r e g i v e n i n T a b l e 8 . 
The n u m e r i c a l v a l u e s of t h e m a t r i x e l e m e n t s J r , J i a , ( i a x r and f 
a r e g i v e n i n T a b l e 9* The p a r a m e t e r s x , u and ,/\ a r e g i v e n in T a b l e s 
12 and 13» I n T a b l e 12 v a l u e s of t h e m a t r i x e l e m e n t p a r a m e t e r s a r e a l s o 
p r e s e n t e d f o r >| e q u a l t o k and 2 i n o r d e r t o show t h e i r v a r i a t i o n w i t h 
r e s p e c t t o t h e d e f o r m a t i o n . Fo r a l l of t h e v a l u e s of 7| t h e same i n ­
t r i n s i c s t a t e s a r e u s e d , b u t w i t h d i f f e r e n t v a l u e s of t h e e x p a n s i o n coef­




186 i s shown i n F i g u r e 2 . The d e f o r m a t i o n 
i s e s t i m a t e d a s T\=h. An e x a m i n a t i o n of F i g u r e s 
3 and k o f r e f e r e n c e ^ ' i n d i c a t e s t h a t f o r r\=k- t h e r e a r e two o r t h r e e 
c l o s e l y s p a c e d N i l s s o n l e v e l s i n t h e n e i g h b o r h o o d o f b o t h t h e 7 5 t h p r o t o n 
and t h e 1 1 1 t h n e u t r o n . However, t h e c h o i c e of i n t r i n s i c s t a t e s i s r e -
186 
s t r i c t e d by t h e f a c t t h a t f o r t h e Re g r o u n d s t a t e t h e p a r i t y i s odd 
and J=K=fi=l. T h i s means t h a t t h e p r o t o n and n e u t r o n i n t r i n s i c s t a t e must 
(23 
h a v e o p p o s i t e p a r i t y and c o u p l e t o p r o d u c e (2=1. G a l l a g h e r and S o l o v i e v v 
h a v e i n c l u d e d t h a t f o r t h e R e ^ ^ g round s t a t e t h e i n t r i n s i c wave f u n c t i o n s 
a r e c l e a r l y e s t a b l i s h e d a s | + [ 4 0 2 . ^ ] and -|- - [ 512.4 ' ] f o r t h e p r o t o n a n d 
n e u t r o n , r e s p e c t i v e l y . I n t h e f i n a l s t a t e , b o t h p r o t o n s a r e i n l /2+[^-02T] 
s t a t e * The t w o - p a r t i c l e wave f u n c t i o n s a r e t h e n w r i t t e n , s y m b o l i c a l l y , 
T h e r e f o r e , t h e t r a n s i t i o n t a k e s p l a c e b e t w e e n s t a t e s of t h e same r e l a t i v e 
c o u p l i n g , i . e . , 
o r more s p e c i f i c a l l y , 
The i n t r i n s i c wave f u n c t i o n s f o r t h e t r a n s f o r m i n g n u c l e o n a r e 
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K > = l 5 i - & 2 . > - a 5 l l 5 5 i + > + a 5 l i « i + > + a , , l 5 i i + > 
and 
U > = l 4 f ^ l > = C L 4 l l 4 4 a + > ^ C L a i K a 4 + > + Q - 4 5 l 4 4 3 - > - ( 9 - 1 0 ) 
The c o e f f i c i e n t s A and i n E q u a t i o n ( 9 - 4 ) a r e g i v e n i n T a b l e 1 0 . 
The n u m e r i c a l v a l u e s o f t h e m a t r i x e l e m e n t s ^yc, ^cc?, ^ " i ? x ? and 
B i j a r e g i v e n i n T a b l e 111 The v a r i a t i o n o f t h e n u c l e a r p a r a m e t e r s 
x , u and A , w i t h r e s p e c t t o t h e d e f o r m a t i o n , i s i l l u s t r a t e d i n T a h l e s 
1 2 and 1 3 . 
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T a b l e 8 . C o e f f i c i e n t s A and C. , f o r Tm' 
i J 
C 
a ± a i <iiytmiu> 
a 5 0 a 4 l 0 . 7 ^ 5 0 . 7 ^ 5 0 . 7 ^ 5 0 . 7 ^ 5 
a 3 0 a ^ l - 0 . 3 9 8 - 1 . 1 9 5 - 0 . 3 9 8 - 0 . 3 9 8 
a 3 0 a 2 1 0 . 6 2 1 0 . 6 2 1 0 . 6 2 1 0 . 6 2 1 
a 1 0 a 2 1 -O.632 - 1 . 8 9 7 - 0 . 6 3 2 - 0 . 6 3 2 
a 5 1 ^ 0 0 . 9 1 3 0 . 9 1 3 - 0 . 9 1 3 - 0 . 9 1 3 
a31%0 -O.309 - 0 . 9 2 6 0 . 3 0 9 0 . 3 0 9 -
a 3 1 a 2 0 O.878 0 . 8 7 8 - 0 . 8 7 8 - 0 . 8 7 8 
a l l a 2 0 -O.365 - 1 . 0 9 5 0 . 3 6 5 0 . 3 6 5 
a l l a 0 0 I . 0 8 0 1.080 - 1 . 0 8 0 - 1 . 0 8 0 
a 5 0 a 4 0 1 .667 - 1 . 6 6 7 
a 3 0 a ^ 0 0 . 7 1 3 - 0 : 7 1 3 
a 3 0 a 2 0 1 .521 - 1 . 5 2 1 
a 1 0 a 2 0 1 .033 - 1 . 0 3 3 
a 1 0 a 0 0 1 .527 - 1 . 5 2 7 
A 3 / . I N l / 2 3 / 3 \ l / 2
 ] 
9 1 
T a b l e 9 . M a t r i x E l e m e n t s f o r Tm* 
M a t r i x E lemen t s 
i n u n i t s of 
- i - . ( J L ) n 
s T l O ^ V 1 = 2 
T)=4 T)=6 
f r , n = l / 2 0 . 0 2 3 Q.026 0 . 0 1 8 
ija, n = - l / 2 0 - 6 1 2 ^ - 0 . 4 8 6 
Mc 
, 0 . 4 0 0 
Mc 
Jo x r, n = - l / 2 - 1 . 1 1 6 - 0 . 8 9 2 - 0 . 7 0 5 
J v n = l / 2 
0 . 3 ^ 8 0 . 2 1 8 0 . 4 6 3 
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T a b l e 1 0 . C o e f f i c i e n t s A and C i f f o r Re 
186 
a . a f 
C i f 
51*42 
| a 3 1 a 4 2 
| a 3 1 a 2 2 
l a l l a 2 2 
| a 5 2 a 4 3 
| a 3 2 a 4 3 
| a 5 2 a 4 2 
| a 3 2 a 4 2 
| a 3 2 a 2 2 
0 . 5 7 7 
- 0 . 4 8 8 
0 . 3 5 9 
- 0 . 8 9 4 
0 . 4 0 8 
- 0 . 5 7 7 
0 . 5 7 7 
- 1 . 4 6 4 
0 . 3 5 9 
- 2 . 6 8 3 
0..408 
- I . 7 3 2 
- 0 . 5 7 7 
0 . 4 8 8 
- 0 . 3 5 9 
0 . 8 9 4 
0 . 4 0 8 




- 0 . 5 7 7 
0 . 4 8 8 
- 0 . 3 5 9 
0 . 8 9 4 
0 . 4 o 8 
- 0 . 5 7 7 
- 1 . 5 2 7 
- 0 . 6 1 7 
- 1 . 1 3 4 
A 
3 \ l / 2 
551r j 5it 110 
1/2 
3 IX 
" M 5 
1/2 1/2 
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T a b l e 1 1 . M a t r i x E l e m e n t s f o r Re 
( u . = C U 5 , n f = 0 . 5 5 ) 
M a t r i x E lemen t s 
i n u n i t of 
1 (i) \ n 
sTio * V 
T]=2 T]=6 
fe, n = l / 2 - 0 . 1 5 1 - 0 . 1 0 1 - 0 . 0 7 9 
-ija, n = - l / 2 - 0 . 7 0 0 r^-
1 Mc 
- 0 . 5 0 7 ^ -
1 Mc 
- 0 A 1 0 7 ^ 
Mc 
J^a x r, n = l / 2 - 0 . 5 5 3 - 0 . 6 5 2 
J B l J , n = l / 2 2 . 9 2 7 2 . 9 2 2 2 . 8 9 0 
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T a b l e 1 2 . N u c l e a r P a r a m e t e r s f o r Trn and Re a s a F u n c t i o n of rj 
( U . - 0 . 4 5 , u f = 0 . 5 5 ) 
>1 2 6 
X 0 . 0 5 5 - 0 . 1 0 1 - 0 . 0 3 2 
u - 3 . 2 0 8 4 . 1 8 5 1 .523 
A 
2 5 . 9 6 8 1 8 . 1 0 8 2 1 . 0 9 8 
R e 1 8 6 
X - 0 . 0 4 3 - 0 . 0 2 9 - 0 . 0 2 3 
u - 0 . 1 8 9 - 0 . 2 2 3 - 0 . 2 4 7 
/ I 
4 . 1 6 6 4 . 5 0 5 4 . 6 6 2 
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170 186 
T a b l e 1 3 . • N u c l e a r P a r a m e t e r s f o r Tm and Re a s a F u n c t i o n of \i 
( n f = o . 5 5 ) 
7) ^ i 
X u A 
T m 1 ? 0 6 
0 . 4 5 - 0 . 0 3 2 1 .523 2 1 . 0 9 8 
0 . 7 0 
•* 
-0*353 2 o l 3 5 0 . 3 3 2 
R e 1 8 6 4 
0 . 4 5 - 0 . 0 2 9 - 0 . 2 2 3 4 . 5 0 5 
0 . 7 0 o . o o 4 0 . 2 9 3 2 . 3 7 5 
The v a l u e s of x and u h e r e a r e e q u i v a l e n t t o t h o s e o b t a i n e d by 
B e r t h e i r and L i p n i k - " e q u i v a l e n t " s i n c e d i f f e r e n t s t a n d a r d m a t r i x 




The d e r i v a t i o n of n u c l e a r m a t r i x e l e m e n t s i n b e t a d e c a y was made p r e -
v i o u s l y by Bogdan^ , u s i n g t h e N i l s s o n s i n g l e - p a r t i c l e m o d e l . The e x ­
p r e s s i o n s s o o b t a i n e d w e r e t h e n u s e d t o c a l c u l a t e t h e n u c l e a r m a t r i x 
1"70 l 8 6 
e l e m e n t s f o r t h e f i r s t - f o r b i d d e n b e t a decay of Tm and Re . T h e r e i s 
a d i f f e r e n c e i n s i g n s of k-K^ ~K^ and q.=-K^— i n t h e i n t r i n s i c p a r t b e ­
tween B o g d a n ' s e x p r e s s i o n s and t h e e x p r e s s i o n s g i v e n i n t h e p r e s e n t d i s ­
s e r t a t i o n , u s i n g t h e o n e - p a r t i c l e m o d e l . As a r e s u l t of t h i s s i g n , a l l 
170 
t h e n u c l e a r m a t r i x e l e m e n t s f o r t h e d e c a y of Tm v a n i s h w h i l e non-
186 
z e r o r e s u l t s a r e o b t a i n e d f o r t h e d e c a y of Re . I f t h e e x p r e s s i o n s f o r 
n u c l e a r m a t r i x e l e m e n t s , E q u a t i o n ( 6 - 7 ) o r ( 6 - 8 ) , d e r i v e d h e r e we re u s e d , 
t h e o p p o s i t e r e s u l t s would b e o b t a i n e d . However, t h e t w o - p a r t i c l e wave 
l 8 6 
f u n c t i o n d i s c u s s e d l a t e r a l s o y i e l d s n o n v a n i s h i n g r e s u l t s f o r Re 
When t h i s d i s s e r t a t i o n was i n i t s f i n a l fo rm, a p r e p r i n t was r e -
c e i v e d from B e r t h i e r and L i p n i k ^ ' . I n t h e i r p a p e r t h e d e r i v a t i o n of 
n u c l e a r m a t r i x e l e m e n t s f o r n o n - r e l a t i v i s t i c o p e r a t o r s i n p " d e c a y i s 
made. F o r odd A-odd N n u c l e i o n e - p a r t i c l e i n t r i n s i c wave f u n c t i o n s a r e 
u s e d , and t h e e x p r e s s i o n o b t a i n e d by B e r t h i e r and L i p n i k i s i d e n t i c a l 
w i t h E q u a t i o n ( 6 - 7 ) i n t h i s t h e s i s . F o r odd -odd n u c l e i , t w o - p a r t i c l e 
i n t r i n s i c wave f u n c t i o n s a r e u s e d , and t h e i r e x p r e s s i o n , E q u a t i o n ( l 4 ) , 
i s a l s o t h e same a s E q u a t i o n ( 7 - $ ) g i v e n h e r e f o r t h e t r a n s i t i o n b e t w e e n 
s t a t e s of d i f f e r e n t r e l a t i v e c o u p l i n g s . They t h e n u s e E q u a t i o n (ik) t o 
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e v a l u a t e t h e n u c l e a r p a r a m e t e r s f o r Tm I t i s found t h a t t h e r e s u l t s 
o b t a i n e d by B e r t h i e r and L i p n i k a r e e s s e n t i a l l y e q u i v a l e n t t o t h e r e s u l t s 
g i v e n i n t h e p r e s e n t d i s s e r t a t i o n . 
F o r s t r o n g l y deformed n u c l e i , t h e wave f u n c t i o n of t h e form 
^ c u D ^ X ^ , E q u a t i o n s (2 -3*0 and (2-37)> i s a good r e p r e s e n t a t i o n of 
n u c l e a r s t a t e s . Hence , t h e r o t a t i o n a l m o t i o n c o n t r i b u t e s b u t a g e o ­
m e t r i c a l f a c t o r i n t h e r e d u c e d m a t r i x e l e m e n t t h r o u g h t h e C - c o e f f i c i e n t s 
( j ^ X K k | J^K^) and ^CNXK^q | . These C-coe f f i c i e n t s w i l l y i e l d a 
w e l l - d e f i n e d and n o n - z e r o f a c t o r p r o v i d e d t h e t r i a n g l e c o n d i t i o n A ( j . \ J r ) 
i s s a t i s f i e d , and | k | . a n d / o r | q | a r e n o t l a r g e r t h a n t h e r a n k X of 
t h e t e n s o r o p e r a t o r i n q u e s t i o n . The c a s e | k | > X ( t h e n one a l s o h a s 
| q | > X s i n c e | q | > | k | ) w i l l l e a d t o t h e K - f o r b i d d e n n e s s . Thus , b e c a u s e 
of t h e K - f o r b i d d e n n e s s a l l t h e n u c l e a r m a t r i x e l e m e n t s i n t h e d e c a y of 
(29 ) 
Eu v a n i s h . When such a c a s e a r i s e s , a s was s u g g e s t e d b y A laga e t a l . , 
one would need s m a l l p e r t u r b a t i o n t e r m s which a l l o w t h e c o n t r i b u t i o n of 
more t h a n one K - v a l u e . The e f f e c t of t h e s e p e r t u r b a t i o n t e r m s m i g h t w e l l 
b e s m a l l , however i t w i l l become s i g n i f i c a n t when t h e s e l e c t i o n r u l e s f o r 
t h e K ' s r u l e o u t a l l o t h e r p o s s i b i l i t i e s . 
A s i d e from t h e d e p e n d e n c e on t h e r o t a t i o n a l m o t i o n d i s c u s s e d a b o v e , 
t h e r e d u c e d m a t r i x e l e m e n t s depend e n t i r e l y upon t h e i n t r i n s i c s t r u c t u r e 
of t h e n u c l e u s v i a t h e i n t r i n s i c m a t r i x e l e m e n t s . T h i s d e p e n d e n c e can b e 
The r e s u l t s a r e e q u i v a l e n t s i n c e d i f f e r e n t s t a n d a r d m a t r i x e l e m e n t s a r e 
u s e d . The s t a n d a r d m a t r i x e l e m e n t i s c h o s e n by B e r t h i e r and L i p n i k , 
such t h a t u / = l and T ) / = C A 5 i ^ x r . Hence , t h e n u m e r i c a l v a l u e s of 
t h e i r n u c l e a r p a r a m e t e r s , x/ and z / , a r e r e l a t e d t o t h o s e g i v e n i n 
T a b l e 13 by x / = x u and z / = u - 1 , r e s p e c t i v e l y . 
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d i v i d e d i n t o two d i f f e r e n t k i n d s : t h e a r r a n g e m e n t of t h e l a s t few 
n u c l e o n s t h r o u g h t h e c o u p l i n g of t h e i r a n g u l a r momenta, and t h e de fo rma­
t i o n of t h e n u c l e u s . T h i s w i l l b e summarized i n t h e n e x t two s e c t i o n s of 
t h i s c h a p t e r . 
The a s s u m p t i o n t h a t t h e n u c l e u s p o s s e s s e s a symmetry' a x i s i m p l i e s 
i 
where K, CI and a r e t h e p r o j e c t i o n on t h e symmetry a x i s of t h e t o t a l 
n u c l e a r s p i n J , o f t h e t o t a l a n g u l a r momentum j * of t h e n u c l e o n s and of 
t h e a n g u l a r momentum j l of t h e i t h n u c l e o n , r e s p e c t i v e l y . S i n c e 
i s a l w a y s a h a l f o d d - i n t e g e r and s i n c e K i s a h a l f o d d - i n t e g e r f o r 
odd-A n u c l e i and i s an i n t e g e r f o r even-A n u c l e i , E q u a t i o n s ( 5 - l l ) and 
and ( 5 - 1 2 ) , i t i s n e c e s s a r y t h a t an odd ( e v e n ) number of i n t r i n s i c wave 
f u n c t i o n s ; X ; f o r i n d i v i d u a l n u c l e o n s b e u s e d i n t h e c o n s t r u c t i o n of 
t h e i n t r i n s i c wave f u n c t i o n X^ f o r an odd-A (even-A) n u c l e u s . The 
s i g n s i n t h e sum Sl=ZQ^ may b e + o r - . I f t h e r e l a t i v e s i g n s a r e t h e 
same b e t w e e n t h e i n i t i a l and f i n a l s t a t e s , t h e t r a n s i t i o n i s c a l l e d t h e 
t r a n s i t i o n b e t w e e n s t a t e s of t h e same, r e l a t i v e c o u p l i n g . O t h e r w i s e , 
one h a s t h e t r a n s i t i o n b e t w e e n s t a t e s of d i f f e r e n t r e l a t i v e c o u p l i n g s 
F o r odd-A n u c l e i , o n e - p a r t i c l e i n t r i n s i c wave f u n c t i o n s a r e u s e d i n 
t h e p r e s e n t t h e s i s , h e n c e t h e r e w i l l b e no p r o b l e m and t h e e x p r e s s i o n so 
o b t a i n e d f o r t h e n u c l e a r m a t r i x e l e m e n t s i s u n i q u e . T h i s , of c o u r s e , may 
... + 
b e a p p l i e d t o t h e £ d e c a y of an odd A-odd 'N n u c l e u s o r t o t h e "f3 decay 
o f an odd A-odd Z n u c l e u s . F o r t h e 3 ~ ( $ + ) d e c a y of an odd A-odd Z 
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( -odd N) n u c l e u s , i t i s d e s i r a b l e t h a t t h r e e - p a r t i c l e i n t r i n s i c wave 
f u n c t i o n s be u s e d . A l though t h i s s i t u a t i o n i s n o t c o n s i d e r e d i n t h i s 
d i s s e r t a t i o n , i t i s s a f e t o s a y t h a t i f t h e p r o j e c t i o n s ft of t h e l i k e 
n u c l e o n s ( p r o t o n s o r n e u t r o n s ) c a n c e l by p a i r s so t h a t t h e t o t a l n u c l e a r 
s p i n i s d e t e r m i n e d by t h e ft-value of t h e l a s t odd n u c l e o n , t h e n t h e 
t r a n s i t i o n a lways t a k e s p l a c e be tween s t a t e s of t h e same r e l a t i v e c o u p l i n g . 
Hence, t h e e x p r e s s i o n f o r t h e n u c l e a r m a t r i x e l e m e n t i s s t i l l u n i q u e . F o r 
t h e p decay of an odd A-odd Z n u c l e u s f o r example , one may w r i t e symbol ­
i c a l l y 
Fo r even-A n u c l e i , t w o - p a r t i c l e i n t r i n s i c wave f u n c t i o n s a r e u s e d . 
The t r a n s i t i o n s be tween s t a t e s of t h e same r e l a t i v e c o u p l i n g s and be tween 
s t a t e s of d i f f e r e n t r e l a t i v e c o u p l i n g s l e a d t o d i f f e r e n t s e t s of s e l e c ­
t i o n r u l e s . The two modes of t r a n s i t i o n a r e i l l u s t r a t e d i n t h e p r e s e n t 
d i s s e r t a t i o n by t h e e v a l u a t i o n s of n u c l e a r p a r a m e t e r s f o r t h e i s o t o p e 
of Tm and Re . F o r Tm' t h e t r a n s i t i o n i s c l a s s i f i e d a s a t r a n s i ­
t i o n b e t w e e n s t a t e s of d i f f e r e n t r e l a t i v e c o u p l i n g s , which i s symbol ­
i c a l l y w r i t t e n a s 
n * - * - X U — ~ f 
l 8 6 
w h i l e f o r Re , i t i s a t r a n s i t i o n b e t w e e n s t a t e s of t h e same r e l a t i v e 
c o u p l i n g , i . e . , 
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I f t h e same e x p r e s s i o n were u s e d i n b o t h c a s e s , t h e n u c l e a r p a r a m e t e r s 
of one o r t h e o t h e r i s o t o p e would v a n i s h i d e n t i c a l l y b e c a u s e of t h e s e l e c ­
t i o n r u l e s . Fo r t h i s r e a s o n , E x p r e s s i o n ( l 4 ) g i v e n b y B e r t h i e r and L i p n i k 
would y i e l d n e t z e r o r e s u l t s i f a p p l i e d t o Ee^^. 
The N i l s s o n model depends on f o u r p a r a m e t e r s : t h e f r e q u e n c y , OJ Q , 
t h e d e f o r m a t i o n p a r a m e t e r , T)(or8 ) , and t h e s t r e n g t h of t h e s p i n - o r b i t 
t e r m s , C, and of t h e - t e r m , D. . F o r h e a v y n u c l e i t h e r e a s o n a b l e v a l u e 
f o r OJO i s g i v e n b y h a J o ( 0 ) = 4 l A " 1 / ^ Mev(ha> o (0)<u8.8 Mev f o r Acol6o> I n 
(17 ) 
h i s c a l c u l a t i o n , N i l s s o n v J u s e d t h e v a l u e X = - 0 . 0 5 t o d e t e r m i n e t h e 
e n e r g y l e v e l , h e n c e t h e s t r e n g t h C o f t t h e s p i n - o r b i t t e r m i s f i x e d b y 
E q u a t i o n ( 2 - 5 3 ) . 
F o r each n u c l e u s t h e d e f o r m a t i o n p a r a m e t e r T) i s g i v e n by F i g u r e 9 
i n M o t t e l s o n and N i l s s o n ' s p a p e r ^ 2 2 ^ and t h e a p p r o p r i a t e i n t r i n s i c wave 
f u n c t i o n i s c h o s e n a t t h i s Tuva lu e a c c o r d i n g t o t h e N i l s s o n e n e r g y l e v e l 
d i a g r a m s . Hence , i n p r i n c i p l e , t h e i n t r i n s i c wave f u n c t i o n i s u n i q u e 
f o r each n u c l e u s . F o r t h e i s o t o p e of T m ^ ^ and R e " ^ ^ , t h e i n t r i n s i c 
wave f u n c t i o n s a r e c h o s e n a t T)=6 and T)=4, r e s p e c t i v e l y . However, i n 
o r d e r t o show t h e v a r i a t i o n of t h e n u c l e a r p a r a m e t e r s w i t h r e s p e c t t o r), 
t h e c a l c u l a t i o n s were made f o r i )=2 ,4 ,6 u s i n g t h e same b a s e V e c t o r s ' 
•|N4A£^ i n t h e e x p a n s i o n of t h e i n t r i n s i c s t a t e , X^. - The r e s u l t s show 
l 8 6 
t h a t t h e n u c l e a r p a r a m e t e r s change s m o o t h l y a s T) v a r i e s f o r Re b u t n o t 
170 
f o r Tm a s shown i n T a b l e 1 2 . I t s h o u l d " b e n o t e d t h a t f o r such a v a r i a ­
t i o n i n T) , a n o t h e r i n t r i n s i c wave f u n c t i o n m i g h t h a v e t o b e c h o s e n t o 
a p p r o p r i a t e t h e c o r r e c t e n e r g y l e v e l a t a l e v e l c r o s s i n g . 
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F i n a l l y , t h e i n t r i n s i c wave f u n c t i o n depends on t h e r e l a t i v e 
s t r e n g t h , LI, of t h e s p i n - o r b i t t e r m and of t h e >t - t e r m a s d e f i n e d b y 
E q u a t i o n ( 2 - 5 ^ ) . F o r each s h e l l N, a p a r t i c u l a r v a l u e i s t a k e n f o r u . 
However, i f a n o t h e r u p v a l u e i s c h o s e n , t h e b a s e v e c t o r s JN-CA i n t h e 
e x p a n s i o n of a p a r t i c u l a r i n t r i n s i c s t a t e , X^, r ema in u n c h a n g e d . The 
c a l c u l a t i o n s a r e p e r f o r m e d f o r two s e t s of u - v a l u e s : \i^=0.k5, = 0 . 5 5 
1*70 
and p.. = 0 . 7 0 , u_ = 0 .55^ w i t h T}=6 and r^k f o r Tm and Re , r e s p e c -
t i v e l y . The r e s u l t s a r e g i v e n i n T a b l e 13« 
170 
The n u c l e a r p a r a m e t e r s f o r Tm a r e found t o b e v e r y s e n s i t i v e 
t o t h e change of t h e r e l a t i v e s t r e n g t h , u , of t h e s p i n - o r b i t t e r m and 
of t h e <l - t e r m , and t o t h e change of t h e d e f o r m a t i o n p a r a m e t e r T) i n 
t h e N i l s s o n mode l . B e s i d e s , t h e n u c l e a r p a r a m e t e r s so o b t a i n e d do n o t 
seem t o a g r e e w i t h e x p e r i m e n t s ^ ^ . The n u m e r i c a l v a l u e s of t h e 
p a r a m e t e r x a r e r e a s o n a b l y s m a l l b u t t h e v a l u e s of u a r e c o n s i s t e n t l y 
t o o l a r g e . F o r [x =0.k-5, u = 0 . 5 5 t h e p a r a m e t e r A i s d e f i n i t e l y beyond 
(25) 
t h e r e a c h of a l l t h e o r e t i c a l v a l u e s p r e d i c t e d b y Ahrens and F e e n b e r g v , 
P u r s e y ^ 2 ^ , and F u j i t a ^ 2 ^ . F o r | i ^ = 0 . 7 0 , u f = 0 . 5 5 t h e v a l u e o b t a i n e d f o r 
l\ i s r a t h e r s m a l l . Due t o t h i s s e n s i t i v i t y , i t i s hoped t h a t a c l o s e 
170 
s t u d y of t h e i s o t o p e of Tm would y i e l d c e r t a i n u n d e r s t a n d i n g of t h e 
i n t r i n s i c s t r u c t u r e of t h e n u c l e u s , i n p a r t i c u l a r of t h e N i l s s o n model 
w i t h i t s A, - t e r m w h i c h , so f a r ^ h a s no t h e o r e t i c a l j u s t i f i c a t i o n . 
U n l i k e Tm*1"^, t h e r e s u l t s o b t a i n e d f o r R e ^ ^ a r e c o n s i s t e n t a s can 
b e s e e n i n T a b l e s 12 and 1 3 . The c a l c u l a t e d v a l u e s of t h e n u c l e a r pa r am-
l 8 6 
e t e r s f o r Re a r e w i t h i n t h e r a n g e of p e r m i s s i b l e v a l u e s , i n a g r e e m e n t 
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w i t h e x p e r i m e n t . F o r u ^ = 0 . 4 5 t h e v a l u e of A i s r a t h e r l a r g e com-
(27) 
p a r e d w i t h A p r e d i c t e d by F u j i t a ' ' . F o r |_u=0.70 t h e s e A - v a l u e s a r e 
i n good a g r e e m e n t . F o r compar ison. , two g r a p h s , F i g u r e s 3 and 4 , o b t a i n e d 
by Dulaney e t a l . a r e repi roduced h e r e . F i g u r e k- shows t h a t f o r s m a l l 
v a l u e s >Of x and u a l l t h e g r a p h s c o r r e s p o n d i n g t o d i f f e r e n t A - v a l u e s 
c o n v e r g e t o t h e same r e g i o n . I n o t h e r w o r d s , x and u do n o t depend 





Throughou t t h i s d i s s e r t a t i o n , t h e a l g e b r a of a n g u l a r momentum was 
e x t e n s i v e l y u s e d . T h i s a p p e n d i x w i l l p r o v i d e s u f f i c i e n t i n f o r m a t i o n 
c o n c e r n i n g t h a t a l g e b r a , t o g e t h e r w i t h v a r i o u s n o t a t i o n s , and c o n v e n t i o n s 
(ll) 
D e t a i l e d t r e a t m e n t s c a n b e f o u n d i n a number of s t a n d a r d r e f e r e n c e s . ' 
C o u p l i n g of Two A n g u l a r Momenta - C - c o e f f i c i e n t s 
-» . . 
C o n s i d e r two commuting a n g u l a r momentum o p e r a t o r s J . ( i = l , 2 ) , 
s a t i s f y i n g 
D e f i n e 
3 r i j i ^ > = i ^ + , ) i i c ^ > • ( i _ 2 ) 
J = V \ . ( I _ 3 ) 
The f o l l o w i n g n o t a t i o n s a r e u s e d t h r o u g h o u t t h e c a l c u l a t i o n . A 
s t a t e \|/ c h a r a c t e r i z e d b y t h e quantum number a i s r e p r e s e n t e d 
b y t h e k e t - v e c t o r | \|/ ^ o r s i m p l y | o ; ^ . The H e r m i t i a n c o n j u g a t e 
of t h e s t a t e , , i s r e p r e s e n t e d by t h e b r a - v e c t o r < ^ | o r | 
The f o l l o w i n g s c a l a r p r o d u c t s a r e e q u i v a l e n t : 
whe re t h e i n t e g r a l i s c a r r i e d o v e r a l l a r g u m e n t s i n . H e n c e : 
»A,IA, J rA3fA3 K4KVt M,K, k "> 
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I t i s o b v i o u s t h a t i n t h e d i r e c t - p r o d u c t r e p r e s e n t a t i o n | J i m i ^ | J2 m 2 > .^ 
2 
0"z i s d i a g o n a l h u t J i s n o t d i a g o n a l . One c a n , howeve r , f i n d a new 
b a s i s | i n t h e ( 2 j ^ + l ) ( ^ j ^ + l ) - d i m e n s i o n a l l i n e a r m a n i f o l d of p r o -
2 
d u c t f u n c t i o n s i n such a way t h a t J and 0"z a r e s i m u l t a n e o u s l y 
d i a g o n a l . T h i s new b a s i s | JM^> i s d e f i n e d by 
The e x p a n s i o n c o e f f i c i e n t ^ j ^ ^ m ^ m ^ | JM^ h a s d i f f e r e n t many-names : 
t h e C lebsch -Gordon c o e f f i c i e n t , t h e v e c t o r - c o u p l i n g c o e f f i c i e n t , t h e 
Wigner c o e f f i c i e n t , t h e C - c o e f f i c i e n t . F o r s i m p l i c i t y , i t w i l l b e 
c a l l e d t h e C - c o e f f i c i e n t i n t h i s d i s s e r t a t i o n . I t s p h a s e i s a r b i t r a r y . 
H e r e , t h e p h a s e i s c h o s e n s u c h t h a t C i s r e a l . I t can b e shown t h a t 
^ j^jgin^mg | JMy v a n i s h e s u n l e s s 
m , + m 4 = W , c ^ d l ( l - 5 a ) 
j i . i * i J s a t i s f y • ( l - 5 h ) 
The n o t a t i o n A ( j ^ J 2 J ) i s c a l l e d t h e t r i a n g l e c o n d i t i o n , i . e . , j - j ^ j g 
and J a a t i s f y t h e same i n e q u a l i t i e s a s i n a t r i a n g l e . The c o n s t r a i n t 
( l - 5 a ) r e d u c e s t h e sum o v e r t h e two i n d i c e s m^ and nig i n E q u a t i o n (l-h) 
t o t h e sum o v e r o n l y one i n d e x , e i t h e r m^ o r mg . Th roughou t t h e c a l c u ­
l a t i o n , when t h e C - c o e f f i c i e n t i s e n c o u n t e r e d , i t w i l l b e u n d e r s t o o d 
t h a t t h e c o n d i t i o n s ( l - 5 a ) and ( l ~ 5 b ) a r e s a t i s f i e d a u t o m a t i c a l l y i n 
o r d e r t o a v o i d w r i t i n g a l l t h e K r o n e c k e r d e l t a s . 
The C - c o e f f i c i e n t s form t h e m a t r i x of t r a n s f o r m a t i o n , C. S i n c e 
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t h i s m a t r i x c o n n e c t s two o r t h o n o r m a l b a s e s i n t h e same l i n e a r s p a c e , i t 
must b e u n i t a r y . And s i n c e t h e C - c o e f f i c i e n t i s r e a l , C i s an o r t h o ­
g o n a l m a t r i x . The o r t h o g o n a l i t y p r o p e r t i e s f o l l o w i m m e d i a t e l y . 
5 Z < i i i * « n a l m . | 3 ^ > < j l j % m ' l m ; i 3 l A > r S ^ S ^ . ( l . 6 b ) 
J 
From t h e o r t h o g o n a l i t y p r o p e r t y ( l - 6 b ) , t h e i n v e r s e e x p r e s s i o n c a n b e 
o b t a i n e d : 
( 1 - 7 ) 
The d e r i v a t i o n of t h e C - c o e f f i c i e n t i s r a t h e r c o m p l i c a t e d and n e e d 
n o t b e g i v e n h e r e . Wigner g i v e s t h e f o l l o w i n g e x p l i c i t e x p r e s s i o n f o r 
t h i s c o e f f i c i e n t : 
ra 
1 M 
( 1 - 8 ) 
where v i s a l l i n t e g e r s such, t h a t none of t h e f a c t o r i a l a r g u m e n t s i s 
n e g a t i v e . 
F o r p r a c t i c a l p u r p o s e s , o n l y a few symmetry r e l a t i o n s w r i t t e n be low 
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a r e n e e d e d . These symmetry r e l a t i o n s can be d e r i v e d d i r e c t l y from t h e 
e x p l i c i t e x p r e s s i o n ( l - 8 ) . 
< ) , - j a _ m l m i ^ N A > = C-l)*' ^ -< j , ^ - ™ , I 3 - tA> , ( l - 9 a ) 
= C - O ^ ' ^ ^ i , *>V ™, | j rA> , ( l - 9 b ) 
( l - 9 c ) 
O t h e r p o s s i b l e p e r m u t a t i o n s among j , and J f o l l o w from t h e symmetry 
r e l a t i o n s ( l - 9 a , b , c ) . A l s o , from t h e symmetry r e l a t i o n s (l-9)> t h e f o l ­
l o w i n g e x p r e s s i o n s a r e o b t a i n e d : 
O t h e r e x p l i c i t e x p r e s s i o n s a r e : 
( I - 1 0 a ) 
<-t, * 4 o o | -e3 o > = o -umf«ss * 3 = *ve/vv untec^ir . ( i - l O b ) 
< j , 1 m - i i \ y \ m > n 
.1 •/,. [ ( i , -m + i)(3,+m + 0 
( i - l l a ) 
( I - l i b ) 
( i - l l c ) 
( 1 - 1 2 ) 
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( 7Y* i — ^ * • where ^v* ; — y 
Coup l ing of Th ree A n g u l a r Momenta-Racah C o e f f i c i e n t s 
—> 
Now c o n s i d e r t h r e e commuting a n g u l a r momentum o p e r a t o r s 0\ , 
s a t i s f y i n g E q u a t i o n s ( i - l ) and ( l - 2 ) w i t h i = l , 2 , 3 » I n o r d e r t o c o n -
—> 
s t r u c t t h e s i m u l t a n e o u s e i g e n f u n c t i o n s of J and J , where 
° z ' 
J - J ( + J i t T 3 ( I - 1 3 ) 
i t s u f f i c e s t o r e p e a t t h e method i n t h e p r e c e d i n g s e c t i o n t w i c e . The 
—> 
l i n e a r o p e r a t o r s J ' s a r e a s s o c i a t i v e . . One can w r i t e s y m b o l i c a l l y 
T = -X, + V J2. + ^ J - J , + ^ 3 ( i - i i + b ) 
The two modes of o p e r a t i o n , E q u a t i o n s ( l - l 4 a ) and ( l - l 4 b ) , a r e o b v i o u s l y 
e q u i v a l e n t . However, t h e y p r o v i d e two d i f f e r e n t o r t h o n o r m a l b a s e s , 
| 0~ 1 2 , JM^ and | J , JM)> , i n t h e same (2 j ^ + l ) (2 j 2 + l ) (2 j ^ + l ) - d i m e n s i o n a l 
' l i n e a r man i f61d . C o n s e q u e n t l y , t h e y must b e c o n n e c t e d by an u n i t a r y 
t r a n s f o r m a t i o n R( j ^ j g j j ^ , J ^ J ^ ) . Racah d e f i n e d 
( A i r e d , ? ! ) = Ltee+d(H+iti*W(ctU^ei), ( 1 - 1 5 ) 
W(abcd , e f ) i f c a l l e d t h e Racah c o e f f i c i e n t and g i v e n by 
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( 1 - 1 6 ) 
O t h e r e x p r e s s i o n s f o l l o w from t h e o r t h o g o n a l i t y p r o p e r t i e s of t h e 
C - c o e f f i c i e n t s 
,<a.Ua\eJ-h&s>Odd^&s\Q o(-*tf+j> ( I 1 T a ) 
4 
The symmetry r e l a t i o n s of t h e Racah c o e f f i c i e n t can be deduced from 
t h o s e of t h e C - c o e f f i c i e n t s . I n a l l , t h e r e a r e 2k p o s s i b l e p e r m u t a t i o n s 
of t h e s i x a r g u m e n t s a / b , c , d, e , and f. The r e s t r i c t i o n s on t h e a r g u ­
men t s a , b , c , d , e and f, and t h e i r p r o j e c t i o n s can b e s e e n d i r e c t l y from 
t h e d e f i n i n g e q u a t i o n ( l - l 6 ) . 
The o r t h o g o n a l i t y p r o p e r t y f o l l o w s from t h e u n i t a r y t r a n s f o r m a t i o n 
£fa+d(&H) W(a(ralfii) W(AUJ, e%) = £+a ( 1 - 1 8 ) 
A s p e c i a l r e l a t i o n needed e l s e w h e r e i s 
Vz- ( 1 - 1 9 ) 
I l l 
R o t a t i o n M a t r i c e s 
D e f i n i t i o n and P r o p e r t i e s 
C o n s i d e r a r o t a t i o n , R, of a s y s t e m of a x i s , u n d e r which a f u n c t i o n 
• ^ ( x , y . x ) c h a n g e s i n t o ^ ( x ' , y ' , z ' ) « S y m b o l i c a l l y , i t c an b e w r i t t e n 
K 4(.*,H>3.) = •$(X'1H',3') ( 1 - 2 0 ) 
As an e x a m p l e , c o n s i d e r a r o t a t i o n a b o u t one a x i s , f o r i n s t a n c e , z 
t h r o u g h an a n g l e e . I t w i l l b e s i m p l e t o u s e p o l a r c o o r d i n a t e s , . 
K i (r,©, f) = e, y-e)~ e 4 % ± f) ( i . 2 i a ) 
o r 
Then f o r a r o t a t i o n a b o u t an a r b i t r a r y a x i s n , one can w r i t e 
( l - 2 1 b ) 
n(m,e) - e u ( i . 2 2 a , 
T h i s o p e r a t o r can b e g e n e r a l i z e d f o r an a r b i t r a r y a n g u l a r momentum 
o p e r a t o r 
A ( 7 ) ; 6 j = <? ( l - 2 2 b ) 
As i s w e l l known, i n o r d e r t o s p e c i f y a r o t a t i o n of a s y s t e m of 
a x i s , t h e E u l e r a n g l e s a r e o f t e n u s e d . These r o t a t i o n s can b e d e ­
s c r i b e d s y m b o l i c a l l y by t h e d i a g r a m 
The u n i t s y s t e m i s c h o s e n such t h a t *fi - c - 1 . 
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and t h e t o t a l r o t a t i o n 
fj t ) 
i s g i v e n by 
ft(k>r)R(S,J) > ( l - 2 3 a ) 
o r 
( l - 2 3 b ) 
S i n c e an u n i t a r y t r a n s f o r m a t i o n U t r a n s f o r m s an o p e r a t o r 0, i n t o 
IMJ one can w r i t e f o r example 
Combining E q u a t i o n (1-2*0 and t h e l i k e w i t h E q u a t i o n ( l - 2 3 b ) , one o b ­
t a i n s a f t e r s i m p l i f i c a t i o n s 
D / , \ S ^ J l - i & ^ l 
Now c o n s i d e r an a n g u l a r momentum r e p r e s e n t a t i o n | J M ^ . S i n c e each 
r e p r e s e n t a t i o n i s u n i q u e l y d e t e r m i n e d by t h e v a l u e of J, a r o t a t i o n i n 
a t h r e e - d i m e n s i o n a l s p a c e can o n l y c o n n e c t two d i f f e r e n t b a s e s w i t h t h e 
same v a l u e of J , t h a t i s : 
/ ™ > e = R(JAY)lni)=£OM'\RQ^jrJUMyijyiy . ( 1 . 2 6 ) 
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The d e f i n i t i o n of t h e s o - c a l l e d r o t a t i o n m a t r i x i s q u i t e amb iguous , d e ­
p e n d i n g on a u t h o r s . Here t h e f o l l o w i n g d e f i n i t i o n i s a d o p t e d 
P , (d,(Sj) = <TM'I RtoM)\TM> j 
o r 
^ - x J n i iwx&oj \J I'l/ j ( l - 2 7 a ) 
KM M'M ' > ( l - 2 7 o ) 
where 
MM v - \ n , ^ / - ' ' / ( I . 2 8 ) 
d ^ , ^ ( 3 ) i s r e a l , t h e e x p l i c i t e x p r e s s i o n of which need not b e g i v e n h e r e , 
(31) 
and cen b e found i n s t a n d a r d r e f e r e n c e s . I n t h e s p e c i a l c a s e w i t h 
a = 0 , £=rt and "tf =0, D ^ , M ( e i ) i s g i v e n by 
- • , , • - - * J As i s e x p e c t e d , t h e m a t r i x D i s u n i t a r y . One h a s t h e fo l l owing 
e q u i v a l e n t r e l a t i o n s 
C o n s e q u e n t l y 
( l - 3 0 a ) 
( l - 3 0 b ) 
^ « X = f f . ana ( l - 3 1 a ) 
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T 
The. c o u p l i n g r u l e s f o r t h e D ^ - n i a t r i x , known a s t h e C l e b s c h - G o r d o n 
s e r i e s , a r e t h e f o l l o w i n g 
An i m p o r t a n t i n t e g r a l i s 
where t h e i n t e g r a t i o n i s c a r r i e d o v e r a l l t h e E u l e r a n g l e s . 
Two s p e c i a l c a s e s a r e 
Where i s ihe s p h e r i c a l h a r m o n i c . As a c o n s e q u e n c e , one o b t a i n s t h e 
f o l l o w i n g i n t e g r a l 
I 
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R o t a t i o n M a t r i c e s a s A n g u l a r Momentum E i g e n f u n c t i o n s 
As c a n b e s e e n i n t h e s p e c i a l c a s e s , E q u a t i o n s ( l - 3 ^ a ) and (l-3*J-b), 
when one of t h e r o t a t i o n s i s a b s e n t (OFO o r V = 0 ) t h e r o t a t i o n m a t r i x i s 
t h e o r d i n a r y s p h e r i c a l h a r m o n i c s . As s u c h , a r o t a t i o n m a t r i x i s a l s o an 
a n g u l a r momentum e i g e n f u n c t i o n . T h i s p r o p e r t y i s t r u e even when none 
of t h e r o t a t i o n s i s a b s e n t and w i l l b e a s s e r t e d , h e r e w i t h o u t p r o o f : 
The r o t a t i o n m a t r i x DjJ^r i s an a n g u l a r momentum e i g e n f u n c t i o n d e ­
s c r i b e d i n a f i x e d f rame and I n a r o t a t e d f r a m e j r e s p e c t i v e l y . 
—> 
Le t J b e a n i n f i n i t e s i m a l g e n e r a t o r which g e n e r a t e s t h e r o t a t i o n 
9^(a,fi,y ) , t r a n s f o r m i n g a f rame ( s ) i n t o ( S ' ) « Then t h e f o l l o w i n g 
r e l a t i o n s h o l d : 
and 
( l - 3 6 a ) 
( l - 3 7 b ) 
( l - 3 7 a ) 
( t - 3 T o ) 
where 
Note t h e d i f f e r e n c e i n s i g n s i n E q u a t i o n s ( l - 3 6 a ) a n d ( ( l - 3 7 a ) . That 
comes from t h e f a c t t h a t i n a r o t a t e d f r ame , t h e a n g u l a r momentum 
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o p e r a t o r s s a t i s f y 
( 1 - 3 8 ) 
As i s e x p e c t e d , r e g a r d l e s s of which f rame i s c h o s e n f o r t h e o p e r a t o r , 
j 2 , one h a s 
E q u a t i o n s ( l - 3 6 b ) , ( l - 3 7 b ) and ( l - 3 9 ) show t h a t t h e r o t a t i o n m a t r i x 
J 2 D,- . , i s a s i m u l t a n e o u s e i g e n f u n c t i o n of J , J ' and J w i t h e i g e n v a l u e s MM z z 
M, M1 and j ( j + l ) , r e s p e c t i v e l y . 
The t r a n s f o r m a t i o n p r o p e r t i e s of a t e n s o r a r e i n t i m a t e l y r e l a t e d 
t o t h e s y s t e m of c o o r d i n a t e s . One t h e n e x p e c t s t o f i n d c e r t a i n b a s e s i n 
Which a s e t of t e n s o r o p e r a t o r s of c e r t a i n r a n k t r a n s f o r m s i n an u n i q u e 
m a n n e r . I n so d o i n g , one i s a b l e t o d e f i n e a s e t of i r r e d u c i b l e t e n s o r 
o p e r a t o r s . 
The change of c o o r d i n a t e s one o f t e n d e a l s w i t h i s t h e r o t a t i o n i n 
t h r e e - d i m e n s i o n a l s p a c e . The r o t a t i o n m a t r i x i s an i r r e d u c i b l e 
r e p r e s e n t a t i o n of t h e r o t a t i o n g r o u p 0^ w i t h t h e i n f i n i t e s i m a l g e n e ­
r a t o r s J + and . I f t h i s f a c t c a n b e u s e d , i t w i l l n o t o n l y b e v e r y 
c o n v e n i e n t m a t h e m a t i c a l l y , b u t a l s o p r o v i d e a b e t t e r u n d e r s t a n d i n g of 
a few quantum number s . 
MM' 6 
( 1 - 3 9 ) 
I r r e d u c i b l e T e n s o r O p e r a t o r s 
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D e f i n i t i o n 
An i r r e d u c i b l e t e n s o r o p e r a t o r of r a n k L i s a s e t of ( 2 L + l ) f u n c ­
t i o n s T J J ^ ( M = - L , - -L+1, . • . , L) which t r a n s f o r m s u n d e r t h e r o t a t i o n , R, a c ­
c o r d i n g t o 
* L 
R T L H K - - P M , „ T L y i < < 
14' ( i - ^ o ) 
Fo r s i m p l i c i t y , t h e n o t a t i o n T' i s u s e d i n s t e a d of RTT.„R"^. The ' LM LM 
i n v e r s e r e l a t i o n i n t h e n g i v e n b y 
L 1 
A n o t h e r e q u i v a l e n t d e f i n i t i o n : T- , , i s an i r r e d u c i b l e t e n s o r 
o p e r a t o r of r ank L i f i t s a t i s f i e s t h e commuta t ion r e l a t i o n s 
f J j ) T L M 1 = MTLM • d - t o ) 
The t e n s o r o p e r a t o r d e f i n e d t h i s way i s c a l l e d t h e s p h e r i c a l t e n s o r 
o p e r a t o r . 
The a d d i t i o n of two s p h e r i c a l t e n s o r s of t h e same r a n k i s o b v i o u s l y 
i r r e d u c i b l e . 
The m u l t i p l i c a t i o n and c o n t r a c t i o n of two s p h e r i c a l t e n s o r s 
T L M ^l) a n d T L M ^ P a r e d e f i n e d b ^ 
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From t h e d e f i n i t i o n of t h e s p h e r i c a l t e n s o r , E q u a t i o n ( l - 4 o ) , i t can be 
e a s i l y shown t h a t T ^ ( A ^ r / t , ) i s a l s o i r r e d u c i b l e . 
The W l g n e r - E c k a r t Theorem 
The dependence of t h e m a t r i x e l emen t ^ j ' m ' l T ^ ) j m ^ on t h e p r o ­
j e c t i o n quantum numbers i s e n t i r e l y c o n t a i n e d i n t h e C - c o e f f i c i e n t , t h a t 
i s 
< j V / T ^ l ^ > = < i L « M l j ' * ' > < j ' j l T J I j > ( l J A ) 
The q u a n t i t y < ^ j ' | | T^ | | j^> i s c a l l e d t h e r e d u c e d m a t r i x e l e m e n t of t h e 
o p e r a t o r T . 
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APPENDIX I I 
I n t h i s a p p e n d i x t h e e x p r e s s i o n s f o r v a r i o u s r a d i a l m a t r i x 
e l e m e n t s , t o g e t h e r w i t h some of t h e i r n u m e r i c a l v a l u e s u s e d i n t h e c a l c u ­
l a t i o n s , w i l l h e g i v e n . However, b e f o r e w r i t i n g e x p l i c i t l y ^ and 
5 ^ , i t i s i n s t r u c t i v e t o d e r i v e t h e s p a c e p a r t of t h e b a s i c v e c t o r 
| N £ / \ X ^ of t h e i n t r i n s i c wave f u n c t i o n , X^. 
The Norma l i zed R a d i a l Wave F u n c t i o n 
C o n s i d e r t h e S c h r o d i n g e r e q u a t i o n s 
M o T - E Y , ( i i - D 
o 
where H i s t h e H a m i l t o n i a n f o r t h e t h r e e - d i m e n s i o n a l i s o t r o p i c h a r -o 
monic o s c i l l a t o r d e f i n e d by 
Ho = i u ) ( 3 ( - V % f ) . ( I I - 2 ) 
Us ing s p h e r i c a l c o o r d i n a t e s , E q u a t i o n ( i l - l ) can b e e a s i l y s e p a r a t e d . 
I t s a n g u l a r p a r t y i e l d s t h e we l l -known s p h e r i c a l h a r m o n i c s , , and 
i t s r a d i a l p a r t i s 
R \ * R ' t r » i . _ _ mp]R = o . ( n - 3 ) 
With t h e s u b s t i t u t i o n 
X -L <? R j a n d a i - ' O 
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t h e r a d i a l e q u a t i o n ( l I - 3 ) becomes 
X \ [ k % ? 1 - « t £ ] x = o . d i - 6 ) 
The s o l u t i o n s of E q u a t i o n ( I I - 6 ) a r e e x p e c t e d t o b e f i n i t e a t t h e o r i g i n 
and a t i n f i n i t y . An i n s p e c t i o n of t h e a s y m p t o t i c b e h a v i o r of X(^) i n 
E q u a t i o n ( 1 1 - 6 ) w h e n ^ - » o and ^ - » » s u g g e s t s a s o l u t i o n of t h e form 
X ( ? ) * ? * ' e * * \ « . c * > • ( I I - 7 ) 
With t h e s u b s t i t u t i o n of E q u a t i o n ( H - 7 ) i n t o E q u a t i o n ( I I - 6 ) , t h e d i f ­
f e r e n t i a l e q u a t i o n f o r X ( j ) becomes d i f f e r e n t i a l e q u a t i o n f o r u ( t j ) , and 
r e a d s 
With t h e change of v a r i a b l e 
x = ( 1 1 - 9 ) 
E q u a t i o n ( I I - 8 ) t r a n s f o r m s i n t o a c o n f l u e n t d i f f e r e n t i a l e q u a t i o n 
A s o l u t i o n of E q u a t i o n ( 1 1 - 1 0 ) i s t h e c o n f l u e n t h y p e r g e o m e t r i c f u n c t i o n ' 32) 
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The c o n d i t i o n t h a t R(p) i s d e c r e a s i n g a t i n f i n i t y r e q u i r e s 
1 / 2 ( I + 3 / 2 ) --q- h e a n e g a t i v e i n t e g e r o r z e r o . Hence 
Comhining E q u a t i o n s ( l I - 5 ) and ( l l - 1 2 ) , one o b t a i n s f o r t h e e n e r g y 
e i g e n v a l u e s 
= + ~ ) ^ o , ^ A C I ( l l - 1 3 a ) 
5 l a t 4 . ( I l - 1 3 h ) 
E q u a t i o n s ( 1 1 - 4 ) , (ll-l), ( I I - 9 ) and ( 1 1 - 1 1 ) g i v e t h e c o r r e s p o n d i n g 
e i g e n f u n c t i o n 
where C „ i s a c o n s t a n t of i n t e g r a t i o n . n£ 
Nov, t h e e i g e n f u n c t i o n R n t ( ^ ) i s n o r m a l i z e d t o u n i t y , i . e . , 
I C „ | 1 J > V e a - y ' ' [ 1 F 1 ( . n J < + i , f * ) ] V d ? = 1 • 
With t h e change of v a r i a b l e ( l I - 9 ) ^ t h e i n t e g r a l ( I I - 1 5 ) becomes 
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The h y p e r g e o m e t r i c f u n c t i o n , F n ( - n , + 3 / 2 , x ) can be w r i t t e n , i n t e r r a s 
of t h e Lague.rre po lynomia l s , , 
n 
* • (32) 
and s i n c e 
r ( n t f t i ) , S 
( 1 1 - 1 7 ) 
( 1 1 - 1 8 ) 
one deduces f o r t h e n o r m a l ! z i n g f a c t o r C ^ from E q u a t i o n s ( l l - l 6 ) , 
( H - 1 7 ) and ( I I - 1 8 ) 
c 
u ( n + n | ) 
( 1 1 - 1 9 ) 
E q u a t i o n ( I I - 1 4 ) , w i t h t h e c o e f f i c i e n t C' n ^ g i v e n by E q u a t i o n ( I I - I 9 ) , 
i s t h e n o r m a l i z e d r a d i a l wave f u n c t i o n | N O i n | N < M ^ . 
- Note t h a t t h e v a r i a b l e r u s e d i n v a r i o u s o p e r a t o r s ( C h a p t e r IV) 
i s n o t t h e same a s ^ h e r e , b u t r e l a t e d by 
r = ( r t w 0 ) * ^ , ( 1 1 - 2 0 ) 
Now t h e r a d i a l i n t e g r a l s Sx and T j " can b e e v a l u a t e d . To b e more 
p r e c i s e , t h e y w i l l be w r i t t e n a s ^ ( N ^ - , N f ^ ) and 9"*(N>{- , M ^ y • 
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E x p r e s s i o n f o r C J A ( N ^ , Mf l y ) 
The r a d i a l m a t r i x e l e m e n t <N f ^ | ^ X |N; can b e e v a l u a t e d by d e ­
d u c t i o n . However, o n l y t h e r e s u l t i s g i v e n h e r e . 
rCni + t -v+OrCn^+t -^ '+ i ) 
x V — r ( I I . 2 1 ) 
i C ^ i - e O ) ^ = l ( N r ^ ) , ( I l - 2 2 a ) 
V ^ - b ( V ^ + M > i ( W X ) > ( I l - 2 2 b ) 
t = - l ( - e £ + ^ + X + i) ( I l - 2 2 c ) 
> cr ^ ^ . ( I l - 2 2 d ) 
f 
The i n t e g r a l ( l l - 2 l ) v a n i s h e s u n l e s s a s a t i s f i e s I n e q u a l i t y ( l l - 2 2 d ) . 
The e q u i v a l e n t c o n d i t i o n s f o r t h e m a t r i x e l e m e n t of ^ t o b e d i f f e r e n t 
from z e r o a r e 
4 { > , ( I l - 2 3 a ) 
o r N L + \ > K t - X . _ ( l l - , 2 3 b ) 
Combining E q u a t i o n s ( t l - 2 0 ) a n d ( l l - 2 l ) , one o b t a i n s f o r ^ ( N . A , N | ^ ) 
^ A O ^ A ^ ( ^ c o 0 ) V < ; N f ^ | ^ | N - ^ > ( 1 1 - 2 4 ) 
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A few n u m e r i c a l v a l u e s of E q u a t i o n ( 1 1 - 2 1 ) , needed i n t h e c o m p u t a t i o n , a r e 
g i v e n i n T a b l e l 4 a t t h e end of t h i s a p p e n d i x . 
E x p r e s s i o n s f o r (Hi , N j l f ) 
Now c o n s i d e r t h e r a d i a l m a t r i x e l e m e n t s I ^D+ (h) |Nc ^ y where 
D + ( l ) i s d e f i n e d by 
D + ( 0 = i - + i t i D « ) = - * - . _ « _ . ( I I " 2 5 ) 
L e t t i n g d o p e r a t e on | N O > a n ( ^ making u s e of E q u a t i o n ( I I - 1 9 ) and 
"a? 
of t h e r e l a t i o n 
one o b t a i n s 
~ N O _ -e*~' 1 N O - ? I N < > - 1 iM-i • ( n - 2 7 ) 
E q u a t i o n s ( 1 1 - 2 5 ) and ( 1 1 - 2 7 ) t h e n g i v e 
D t | N ^ > = ( a e + 0 <f' I N O - ^ I N £ > - 3 \ | K | N - I + ( I l - 2 8 a ) 
and D _ | N 4 > r : - 5 IM«> - I N-i H i ) . ( l l - 2 8 b ) 
Combining E q u a t i o n s ( l l - 2 l ) and ( I I - 2 8 ) , t h e r a d i a l m a t r i x e l e m e n t s 
< N f *j l 5 X D ± I Ni€i> w i l 1 b e g i v e n b y 
- [ ^ K - O ] ^ ^ - ! W ( I l - 2 9 a ) 
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where 
Combining E q u a t i o n s ( l I - 2 0 ) and ( l l - 2 a ) , one o b t a i n s f o r C N t ^ * N$ fy) 
( w w O * < M * l < ? D t l N i « i > . ( 1 1 - 3 0 ) 
Some n u m e r i c a l v a l u e s of E q u a t i o n s ( 1 1 - 2 9 ) w i t h X=0 a r e g i v e n i n T a b l e 
Ik. 
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T a b l e lk. Numer i ca l V a l u e s of t h e R a d i a l I n t e g r a l s 
N f + 1 l f + I [ | ( N f + I f + 3 ) ] l / 2 - [ | ( N f + l f + 3 ) ] l / Z 
N f * 1 l f - 1 [ | ( N f - J f + 2 ) ) l / 2 - 3 [ | ( N f + l f + 2 ) ] l / 2 
N f " 1 l f - 1 [ | ( N f 4 f ) ] l / 2 - [ | ( N f - l f ) ] l / 2 
N f - 1 J L - . l l f ( N f + j ! f + l ) ] l / 2 - [ | ( N f + i f + l ) ] l / 2 
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